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Abstract
The ovine major histocompatibility complex (MHC) remains poorly characterized compared
with those of other livestock species. To develop cellular and molecular tools to support
development of vaccines against intracellular pathogens of sheep, a molecular genetic analysis
of four distinct ovine MHC haplotypes carried by two heterozygous Blackface rams (501 and
504) was conducted. A total of 17 novel sequences was identified, 11 of which were obtained
full length. Initially, using a combination of reverse transcriptase - polymerase chain reaction
(RT-PCR), Single Stranded Conformational Polymorphism (SSCP) and sequence analysis, six
distinct SSCP patterns were identified from ram 501 and eight from ram 504 each
corresponding to a different sequence (chapter 3). SSCP patterns and their corresponding
sequences D5, D3, C7, E2, F8 and F12 accounted for 86% of 360 clones analysed from both
rams, suggesting that they encode the mainly expressed classical class I molecules, while F7
and G12 represented only 0.56%, indicating they are putative low expressed class I like genes or
pseudogenes. Genotyping of 17 offspring from both rams using a novel sequence specific PCR
method, allowed the segregation of sequences within the four haplotypes (chapter 4). An
additional sequence C7b was identified during genotyping, indicating that at least 6 class I
genes are transcribed in a single haplotype. F7 and G12 were shared between all four
haplotypes. Full length transcripts for ten of the sequences identified in chapter 3 were obtained
by RT-PCR, all having a characteristic MHC gene structure (chapter 5). During full length
amplification two additional sequences, N1 and N2, were identified with characteristics
consistent with non classical class I loci. Phylogenetic analysis using the identified transcripts
and published ovine, bovine and other ruminant class I sequences belonging to the Bovidae
family indicated that there are at least six ovine MHC class I loci (chapter 6). Sequences N1 and
N2 are closer to the non classical bovine MHC class I sequence HD15 than to the remaining
ovine class I transcripts. Seven out of eight full length transcripts subcloned into a mammalian
expression vector expressed detectable class I cell surface glycoproteins in COS-7 cells (chapter
7). The combination of phylogenetic analysis, haplotype, transcription and expression data
suggest that there are at least four distinct polymorphic ovine MHC class 1 loci, three of which
appear to be expressed in a number of combinations in individual haplotypes, a couple of non
polymorphic poorly transcribed class I like sequences and at least one additional diverged non
classical class I locus (chapter 8). Similarities and differences of the ovine MHC class I region
with that of other species are discussed. Using the data generated here, an MHC defined sheep
flock, which includes animals homozygous for each of the four MHC haplotypes is currently
under development. The MHC defined resource population, along with the transfected cell lines
expressing each of the full length ovine MHC class I sequences, comprise tools for
immunization and disease association experiments studying the protective immunity to
intracellular pathogens of sheep.
xvi
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Chapter 1. Introduction and Literature Review
1.1 Introduction
1.1.1 The involvement of the Major Histocompatibility Complex (MHC) in
immune responses
The immune system of vertebrates has traditionally been divided into innate and adaptive
components (Fig. 1.1). Innate or non-specific immunity provides the early lines of defence and
induces adaptive immunity (reviewed by Beutler B. 2004; Fearon and Locksley, 1996;
Medzhitov and Janeway, 2000). The skin, the epithelial cells of the airways and gastro-intestinal
tract and the mucosal layer provide the first line of defence (reviewed by Podolsky D. 1999),
while phagocytosis (reviewed by Aderem and Underhill, 1999), assisted by complement (Frank
and Fries, 1991), the inflammatory response (Svanborg et al. 1999), antimicrobial substances
(reviewed by Zasloff M. 1992) and natural killer (NK) cells comprise the second line of innate
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Figure 1.1: An overview of immune responses
The latter effector mechanisms of innate immunity are activated immediately after
infection, but they are not specific to the pathogen. Rather, they arise from a limited number
(several hundred) of genetically predetermined receptors of the innate immune system. These
receptors have evolved by natural selection to recognize structures highly conserved in groups
of microrganisms encountered by the immune system during evolution (reviewed by Janeway
and Medzhitov, 2002). In contrast, adaptive or specific immunity provides a slower response
that is highly specific to a particular pathogen and enables the body to recognize and develop
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immunological memory against almost any pathogen even if it has not previously been
encountered (Janeway C. 1993).
Protein antigens that are encountered by the immune system for the first time are taken
up by an antigen presenting cell (APC). Dendritic cells (DC) are the most efficient APCs
(reviewed by Banchereau and Steinman, 1998; Heath et al. 2004; Makala and Nagasawa, 2001),
although macrophages (Debrick et al. 1991; Janeway C. 1993; Rock et al. 1993) and possibly B
cells (Ke and Kapp, 1996; Parker D. 1993) may also prime an immune response. Immature DC
capture antigens at the peripheral tissues by receptor-mediated antigen uptake and
macropinocytosis (Sallusto et al. 1995). This is a key event that induces maturation and
mobilization of DC, which subsequently migrate to the lymphoid organs (Banchereau and
Steinman, 1998). There, they present processed antigenic peptides to distinct subgroups of T
lymphocytes, either helper or cytotoxic T cells. The antigenic peptides are displayed to T cells
by specialized cell surface glycoproteins, encoded within a genetic region known as the Major
Histocompatibility Complex (MHC) (Zinkemagel and Doherty, 1974). In the recognition phase,
two other cell surface proteins, CD4 and CD8 (CD denotes 'cluster of differentiation') for
helper and cytotoxic T cells respectively act as co-receptors by binding to different classes of
MHC molecules (Miceli and Pames, 1993; Fig. 1.2). CD4+ T helper cells bind to MHC class II
molecules, whereas CD8+ T cells bind to class 1 molecules.
infected cell
\ Nucleus Lysosome ■■itigeri
uAdnh | \ ^ H »
Diral peptides Macrophage
v".J ~r
Class I ^ Class
histocompatibility gr ■ histc
"dE-csr






CytotoKic T cell C04* T cell
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Figure 1.2: Overview of MHC-restricted T cell recognition (Picture obtained from
http://www.users.rcn.com).
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However, recognition of the antigenic peptide-MHC complex alone is not enough to
activate T cells that have not previously encountered an antigen, known as naive T cells. A
second signal provided by innate immunity is required to induce T cell proliferation and
differentiation into effector cells, a phenomenon initially called "the two signal theory for self-
non self discrimination" (Bretscher and Cohn, 1970; Fig. 1.3). More recently, it was discovered
that the second signal is produced by cell surface proteins known as co-stimulators (van der
Merwe et al. 1997; Ye et al. 1997). Microbes and soluble factors known as cytokines, which are
produced during the innate immune responses, activate APC to express such co-stimulatory
molecules (reviewed by Fearon and Locksley, 1996). Two well-characterized co-stimulators are
B7.1 (CD80) and B7.2 (CD86), which are recognized by the CD28 protein or the cytotoxic T
lymphocyte antigen 4 (CTLA-4) on the T cell membrane (van der Merwe et al. 1997; Ye et al.
1997). The B7.1/B7.2-CD28 interactions stimulate T cells to proliferate and release cytokines,
which mediate many of the subsequent immune responses, while the B7.1/7.2-CTLA-4
interactions play an inhibitory role to avoid overstimulation.
cosllmulator
molecule
Figure 1.3: Overview of the two signal theory for self-non self discrimination. TcR: T cell receptor, pTh:
peripheral T helper cell. Number 1 shows the first signal provided by the interaction of MHC - peptide
complex with the T cell receptor, while number 2 shows the second signal provided by the costimulatory
molecules (Picture obtained from http://www.usask.ca/medicine/microbio/bretscher/
SelectedPublications_ copy.html).
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The effector phase of the response includes both innate mechanisms, such as
inflammation and macrophage activation, and adaptive mechanisms, such as antibody
production and T cell mediated cytolysis, providing the so-called humoral and T cell mediated
immunity, respectively (reviewed by Abbas et al. 2000; Janeway et al. 2001). During this phase,
effector T cells move from the lymph organs to the site of infection and act after recognition of
the peptide-MHC complex on the surface of infected cells or professional APC (DC,
macrophage or B cell). This phase needs no co-stimulatory signals, although it has been
suggested that costimulation of effector T cell functions by other B7 family members may occur
(Chambers C. 2001; Liang and Sha, 2002).
In CD8+ T cell-mediated immune responses, peptides derived from cytosolic antigens of
viruses or other intracellular pathogens, tumor proteins (Greenberg P. 1991) or, in the case of
allografts, alloantigens are presented by class I MHC molecules, which are expressed on all
nucleated cells (Mitchell et al. 1998). This interaction provides the first signal for activation of
naive CD8+ T cells. However, because the B7 molecules that provide the co-stimulatory signal
are expressed mainly by APCs, only infected APCs would be expected to initiate cytotoxic
responses. When cells other than APCs are infected with an intracellular pathogen, it has been
suggested that professional APCs, most probably DCs (den Haan et al. 2001; Heath et al. 2004)
and less possibly B cells (Ke and Kapp, 1996) and macrophages (Debrick et al. 1991; Rock et
al. 1993), are able to ingest such infected cells during their apoptotic or necrotic phase
(reviewed by den Haan and Bevan, 2001; Rock K. 1996), or take up soluble antigens or cell
associated proteins from infected cells (Carbone et al. 1998). After that, antigens either move to
the cytosol or are presented on the cell surface in association with class I MHC molecules
through a non-cytosolic pathway, a process called cross-priming (Bevan M. 1976; reviewed by
Heath et al. 2004). It is believed that CD4+ T helper cells may play an important role in cross-
priming (Bennett et al. 1997). It was found that APCs may also present the same endocytosed
antigen to T helper cells in association with class II MHC molecules. This double recognition of
the antigen by both CD4+ and CD8+ cells either causes the release of cytokines, providing the
second signal for CD8+ T cell differentiation, or enhances the ability of APCs to express B7
molecules (Bennett et al. 1997; Carbone et al. 1998). However, opponents of this model suggest
that cross-priming may occur only in exceptional cases under physiological conditions
(Zinkemagel R. 2002). Whichever the case is, activated CD8+ T cells proliferate and
differentiate into effector cytotoxic T cells capable of binding and attacking infected or tumor
cells, causing cell lysis by apoptosis (reviewed by Harty et al. 2000). Effector CD8+ T cells also
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secrete cytokines, mostly interferon y (IFN-y), lymphotoxin (LT) and tumor necrosis factor
(TNF), to activate phagocytes and induce inflammation (reviewed by Harty et al. 2000).
In helper T cell-dependent immune responses, uptake of soluble antigen by APCs
results in presentation of antigenic peptides in association with MHC class II molecules and
induction of B7 co-stimulator molecules (reviewed by Fearon and Locksley, 1996; Jenkins et al.
2001). Following recognition of both the co-stimulator and the peptide-MHC complex, T helper
cells (Th) express and secrete interleukin 2 (IL-2) - although other factors may be involved
(Jenkins et al. 2001). IL-2 functions as a growth and differentiation factor for antigen-specific T
cells and promotes their clonal expansion. These interactions stimulate cytokine secretion, the
pattern of which varies to some extend between the two well characterized subsets of Th cells
(Thl and Th2) (Mosmann et al. 1986; reviewed by O'Garra and Arai, 2000; Kidd P. 2003). It
has also been suggested that the affinity with which the MHC molecules bind certain peptides
affects the direction of a T helper response towards Thl or Th2 (Murray J. 1998).
Although immune responses are not always either Thl or Th2 exclusively, a general
overview is described below. In most cases, when macrophages and dendritic cells present
antigens from intracellular pathogens mainly in endosomal compartments, they mainly produce
IL-12. This cytokine acts on antigen stimulated Th cells and induces their differentiation into
the T helper 1 subset. When effector Thl cells then encounter their specific antigen displayed on
a class II MHC molecule on the surface of a macrophage or a B cell, they secrete cytokines.
Secretion of IFN-y and LT a induces the release ofTNF-a by other cells, such as epithelial cells
(reviewed by Spellberg and Edwards, 2001). These cytokines in turn activate macrophage
microbicidal functions and antibody production, such as IgGl and IgG2a in human and mice,
respectively (Fearon and Locksley, 1996) to eliminate pathogens, such as intracellular bacteria,
fungi and mycobacteria (reviewed by Kidd P. 2003; Spellberg and Edwards, 2001).
On the other hand, secretion of IL-4 or IL-13 by B cells and DCs during antigen
presentation of extracellular pathogens promotes the differentiation ofT cells into the T helper 2
subset (Th2) (reviewed by Kidd P. 2003; Spellberg and Edwards, 2001). When effector Th2
cells recognize their specific antigen-MHC class II complex on the surface of an APC, they
secrete IL-4, 5, 6, 10 and 13, which activate mast cells and eosinophils and induce B cell
proliferation and differentiation into plasma cells secreting mainly IgE and IgG4 (Fearon and
Locksley, 1996) to eliminate large pathogens that cannot be phagocytosed, such as helminths
(reviewed by Spellberg and Edwards, 2001).
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1.1.1.1 MHC independent humoral immune responses
Apart from protein antigens that elicit T cell-dependent (TD) immune responses, where MHC
molecules play an important role, as described, in some cases the immune system develops T
cell independent (TI) immune responses against mainly non-protein antigens. Such antigens
from parasites, viruses, fungi and bacteria, with the lipopolysaccharide (LPS) one being the
most well characterised, may act as mitogens or superantigens, triggering the machinery of
polyclonal B lymphocyte responses in type 1 Tl immunity (Mond et al. 1995; Reina-San-Martin
et al. 2000). Under high concentrations of pathogenic burden, non specific polyclonal B cell
proliferation takes place that, however, renders the immune system powerless, may cause
immunosuppression and augments autoimmune reactions (Mond et al. 1995; Reina-San-Martin
et al. 2000).
In the type 2 TI immune responses, mature B cells can be activated by extensive cross-
linking of their antigen specific receptors (reviewed by Mond et al. 1995; Vos et al. 2000).
Antibodies bound on the membrane of B lymphocytes serve as specific receptors for almost
every kind of extracellular or cell surface antigen, including large polymeric proteins, lipids and
phospholipids, carbohydrates, nucleic acids and small chemical substances (Mond et al. 1995).
Distinct subsets of B cells, the CD5 B1 and the marzinal zone B cells are mainly involved in
this kind of response (reviewed by McHeyzer-Williams M. 2003). Although this type of
immune response is regarded as TI, it seems that yd (Gumperz and Brenner, 2001) and double
negative CD4 CD8" T cells provide some kind of help (Fairhurst et al. 1998; Gumperz and
Brenner, 2001). This T cell help, though, is not MHC restricted. Instead, it has been suggested
that an MHC like molecule, CD1, acts as a restriction element for polysaccharide-encapsulated
bacterial antigens (Fairhurst et al. 1998) and for lipid mycobacterial antigens (Gumperz and
Brenner, 2001). During the TI 2 response, a small number of effector cells are usually generated
producing low affinity antibodies, there is limited isotype switching and in some cases
immunological memory is not developed (reviewed by Mond et al. 1995).
In conclusion, the vast majority of specific immune responses to protein antigens
require the binding of antigenic peptides to a major histocompatibility complex molecule, a co-
stimulatory signal provided by the innate immunity and subsequent recognition by T cells. Only
foreign peptides that bind to an MHC protein can initiate an immune response, although many
peptides that do bind are not immunogenic. Apparently, there are holes in the T cell repertoire
for antigen recognition. The development of the T cell repertoire and how the MHC molecules
affect that is the subject of the next section.
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1.1.2 Developing and maintaining a diverse T cell repertoire
T cell receptors (TCR) are heterodimers consisting of two covalently linked transmembrane
polypeptide chains, a and p. Each chain consists of an immunoglobulin (Ig)-like variable (V)
domain, an Ig-like constant (C) domain, a transmembrane domain and a short cytoplasmic
region. The antigen binding site is situated in the variable domain, where each chain has three
hypervariable regions known as complementarity determining regions (CDRs). Each TCR chain
is encoded by multiple gene segments that undergo somatic rearrangement during the
maturation of T lymphocytes (Davis and Bjorkman, 1988).
The expression of antigen receptor genes is a key event in lymphocyte maturation
required for the generation of a diverse T cell repertoire and for maintaining survival of
lymphocytes. Functional TCR genes are assembled from V (variable), D (diversity), and J
(joining) DNA segments that are separated from one another in the germline and are spliced
together during maturation. There are around 20-70 Va and VP segments in mammals and
several D and J segments. Two of the CDRs (CDR1 and CDR2) are encoded by the V gene
segments, whilst the third CDR (CDR3), which exhibits the greatest variability, is created by the
juxtaposition of VJ or VDJ segments for the a and p chains respectively (Davis and Bjorkman,
1988). Therefore, a great number of distinct TCRs are created by all possible different segment
combinations and the greatest sequence diversity is concentrated in CDR3.
The process of gene rearrangement occurs in the thymus. In general, thymocyte
maturation can be divided into three broad stages based on co-receptor surface expression
(Kisielow and VonBoehmer, 1995). The earliest T cell precursors are CD4 CD8" double
negative (DN) and express only the p TCR chain. These proliferate extensively and become
CD4+CD8+ double positive (DP), which are still immature, but express both a and p TCR chains
and undergo either positive selection to proceed to the mature CD4^ or CD8+ single positive
(SP) cell stage, or negative selection that inactivates or deletes potentially autoreactive
thymocytes. Consequently, although there is a huge germline repertoire, only about 5% of the
DPs mature to SPs that will migrate from the thymus to the peripheral organs (Goldrath and
Bevan, 1999).
The mature T cell repertoire is established through interactions with self peptide-MHC
molecule complexes (reviewed by Goldrath and Bevan, 1999; Huseby et al. 2005; Sebzda et al.
1999; von Boehmer et al. 2003). As the precise pathogen-derived antigens that will be
encountered is unpredictable, the immune system uses the diverse array of self peptides bound
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to self MHC molecules to select and maintain a T cell repertoire capable of responding
promptly to foreign antigens. The model supported by most studies suggests that those DP
thymocytes that bind peptide-self MHC with low affinity undergo positive selection, whereas
DP cells that express a receptor that interacts with high affinity with MHC molecules in the
thymus are either inactivated or destroyed. However, it is more possible that the selection of a T
cell repertoire is not mediated by a single strict interaction of one peptide-MHC complex with a
TCR (Sebzda et al. 1999). Instead, it is suggested that TCR-peptide-MHC recognition is a
degenerate process that involves multiple interactions with a mixture of peptides. TCRs that
bind self peptide-self MHC complexes strongly are potentially autoreactive and undergo
negative selection (Mathis and Benoist, 2004). That some T cells fail to recognise some foreign
antigen-MHC combinations possibly reflects this immunological phenomenon, known as
tolerance. Foreign peptide-MHC complexes may escape recognition because they resemble self-
MHC complexes for which the appropriate TCRs have been negatively selected (Marx J. 1988).
Moreover, 'holes' in the repertoire have been described when T cells are selected in the
presence of low amount of thymic peptides during maturation. Thus, the greater the number of
peptides in thymus during T cell selection, the more diverse the T cell repertoire becomes
(Sebzda et al. 1999).
On the other hand, a variety of models show that 5% to 75% of the positively selected
cells are potentially autoreactive and normally undergo clonal deletion. A combination of
qualitative and quantitative models for peptide-MHC recognition by the TCR in addition to
other TCR interactions with surface/coreceptor molecules explain the selection of the T cell
repertoire (reviewed by Carreno et al. 2006; Sebzda et al. 1999). Qualitatively, different
peptide-MHC complexes promote positive or negative selection based on their affinity to TCRs,
while different concentrations of the same peptide may also promote positive or negative
selection. Therefore, those T cells selected by rare peptide-MHC complexes may be regarded as
low affinity interactions and initiate positive selection although they are actually self-reactive
and must be clonally deleted afterwards. Moreover, the thymus does not contain all the different
self peptides found in an organism, because many proteins are only expressed in certain tissues
and therefore, it is possible that TCRs capable of recognizing such self peptides could escape
negative selection in the thymus and need to be deleted subsequently. Under these
circumstances, mechanisms for inducing T cell tolerance in the periphery are crucial. The two
signal model for T cell recognition, described in section 1.1, provides peripheral tolerance, since
T cells bearing receptors that recognise peptide-MHC complexes, without receiving co-
stimulatory signals undergo apoptosis or anergy (reviewed by Chambers C. 2001).
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1.1.3 Structural basis of T cell recognition
Antigenic proteins to which T cells respond are degraded into peptides that are bound by MHC
molecules and displayed on the cell surface for interaction with the T cell receptor. A feature of
T cell responses is that only a few short segments of an antigenic protein, usually containing
around 10 to 30 amino acid residues, are recognized. Crystal structures determined for aP TCR
heterodimers, both alone and in complex with the peptide-MHC have shed light on the
structural basis of cellular immune recognition (reviewed by Garcia K. 1999).
The TCR is positioned in a roughly diagonal orientation over the face of the peptide-
MHC complex to maximise the interaction between the two surfaces (Bjorkman P. 1997;
Garboczi et al. 1996; Garcia et al. 1996; 1998; Fig. 1.4). The CDR1 and CDR2 regions of the
TCRa chain lie over the N-terminal half of the peptide and the corresponding regions of the
TCRp lie over the C-terminal half. Both CDR3s align near the middle of the peptide. While the
CDR1 and CDR2 regions interact largely with MHC residues, the most variable CDR3 regions
lie centrally and have most contact with protruding side chains of the peptide (Bjorkman P.
1997; Garcia et al. 1996). Surprisingly, only relatively few contacts are made with peptide side
chains that point up toward the TCR. Nevertheless, other peptide side chains are recognized
indirectly through subtle conformational changes ofMHC residues (Bjorkman P. 1997).
Figure 1.4: Structures of TCR /MHC / Peptide complexes. Only the V domains of the TCR are shown.
CDR1, yellow; CDR2, green; CDR3, red. (A and B) A6TCR/HLA-A2/Peptide (Garboczi et al. 1996) (C)
2C/H-2Kb/Peptide (Garcia et al. 1996).
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1.2 The Major Histocompatibility Complex (MHC)
1.2.1 Definition and protein structure of MHC molecules
The major histocompatibility complex (MHC) is a genetic region that encodes molecules
playing a central role in immune responses. There are three classes of MHC genes (I, II and III)
as determined by their structure and function. The class I and II genes are generally categorized
as classical or non-classical. Polymorhic and highly expressed genes that encode products
presenting antigenic peptides to T cells, and therefore act as restriction elements, are classified
as classical. The definition of the non-classical genes is not as clear, because they encode
products with various immunological functions and include many genes of unknown function.
However, some general characteristics facilitate differentiation of classical and non-classical
MHC genes. In contrast to their classical counterparts, non-classical MHC genes are generally
expressed at low levels and exhibit limited or no polymorphism (Braud et al. 1999). The class
III MHC genes encode non-antigen presenting structurally diverse molecules with various
immunological and other functions (reviewed by Lehner et al. 2004; Yu et al. 2000).
Figure 1.5: Schematic diagram of MHC class I and II glycoproteins (Picture obtained from
www.sanbi.ac.za).
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MHC class I and II molecules are cell surface glycoproteins that consist of an
extracellular peptide-binding domain followed by a pair of immunoglobulin (Ig) like domain.
These extracellular components are anchored to the cell by transmembrane and cytoplasmic
domains (Fig. 1.5).
Class I molecules consist of two non-covalently linked polypeptide chains: a
glycosylated MHC-encoded a chain (heavy chain) and a non MHC-encoded subunit known as
P2-microglobulin. The heavy chain consists of three extracellular segments (al, a2, a3). Two of
these (al and a2) fonn the peptide binding groove, whereas the third is an Ig-like domain
(Bjorkman et al. 1987a, b; Fig. 1.5, 1.6). The al and a.2 domains each consist of an antiparallel
P sheet with four strands and a long a helical region. The a3 and p2-microglobulin domains are
both P sandwich structures composed of two antiparallel p sheets, with four and three P strands
respectively (Bjorkman et al. 1987a).
Figure 1.6: Three dimensional structure of an MHC class I molecule (Picture obtained from
www.cryst.bbk.ac.uk)
Class II molecules are composed of two non-covalently associated MHC-encoded
glycosylated polypeptide chains (a and P). Each chain consists of two extracellular segments
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(al, a2 and pi, P2). The amino terminal al and pi segments form the peptide binding groove,
which is composed of an antiparallel p sheet with eight strands and two antiparallel a helical
regions, whereas a2 and P2 are Ig-like segments (Brown et al. 1993; Madden D. 1995; Fig. 1.5).
1.2.2 Genomic organization and function
In humans, the MHC complex spans a region of 4Mb on the short arm of chromosome 6 and the
general subregion organisation is centromere-class II-class Ill-class I
(http://www.sanger.ac.uk/HGP/Chr6/). The complete nucleotide sequence of the human MHC
has been determined (The MHC Sequencing Consortium, 1999), with 224 gene loci identified,
128 of which are believed to be expressed. Although most of the genes are still of unknown
function, it was estimated that around 40% have some immunological function. The gene map
of all identified human MHC loci is shown in figure 1.7.
The human class I subregion comprises the class la subregion, with three genes (B, C,
A) encoding the heavy chains of the classical MHC molecules as well as the class lb subregion
containing several other genes encoding non-classical class 1 like products and molecules of
unknown function. It also contains many pseudogenes (Fig. 1.7). Non-classical MHC molecules
include HLA-E,-F, -G and -H (or HFE), MICA and MICB. The function of these are quite well
characterized, with the exception of HLA-F and G (reviewed by Braud et al. 1999; Shao et al.
2005). The HLA -E molecules are thought to play a regulatory role for NK cell lysis, mainly by
inhibiting the action of NK cells on cells not expressing classical MHC molecules that would
otherwise be targeted (Braud et al. 1998). HFE is involved in iron metabolism (Gross et al.
1998) and MIC molecules act, mainly in response to heat shock on intestinal epithelia, to
activate yb T cells to kill infected or damaged epithelia (Groh et al. 1998). MICA can also
interact with the NK cell receptor NKG2D, which activates NK cells and provides co-
stimulation for T cells (Shao et al. 2005). It has also been suggested that HLA -G and MIC
expression in thymic epithelia play a role in selecting the T cell repertoire (Braud et al. 1999).
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The human class II subregion contains three expressed polymorphic gene subclasses
(DP, DQ and DR), along with non-polymorphic genes encoding heterodimeric class II
molecules (DO and DM). It also contains genes that encode proteins involved in the antigen
processing, such as TAP (transporter associated with the antigen processing) genes and LMP
(proteasome components), as well as many pseudogenes and a number of other genes, most of
which have no known immunological function (Beck and Trowsdale, 1999). The DP, DQ and
DR represent the classical restriction elements for T helper cells, whereas the DO and DM genes
are non-classical molecules involved in peptide loading of classical class II molecules (reviewed
by Alfonso and Karlsson, 2000; Bryant and Ploegh, 2004).
The class III MHC subregion contains 60 and 61 expressed genes in humans and mice,
respectively, but the physiological roles of most of these remain to be determined (Xie et al.
2003). It has been suggested that around 1/3 of the proteins encoded in this region have a role in
RNA processing (Lehner et al. 2004). Some genes involved in immune responses include
complement components, tumour necrosis factor (TNF), several lymphotoxins (LT) and heat
shock proteins (HSP).
1.2.3 Antigen processing and presentation pathway
Generation of peptides for presentation to T cells by MHC molecules involves processes that
differ for class I and class II proteins.
Class I MHC molecules are expressed by all nucleated cells and initiate cell mediated
immune responses by presenting intracellular cytosolic antigens such as virus and tumor
proteins to CD8^ T cells. However, as described in section 1.1, cross priming also allows class I
molecules to present antigens from endocytosed compartments. These conventional and
alternative MHC class I antigen processing and presentation pathways have been reviewed
(Gromme and Neefjes, 2002; Heath et al. 2004; Fig. 1.8).
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In the conventional pathway, cytosolic proteins are targeted for degradation by
conjugation with ubiquitin. Those proteins with a polyubiquitin tail are degraded by a proteinase
complex known as the proteasome. The resulting peptides are then transported to the
endoplasmic reticulum (ER) via the TAP protein complex. The number of peptides translocated
by TAP is low compared to the number of peptides generated by the proteasome as a result of
peptidase activity. This may account for a relatively low efficiency of antigen presentation by
class I molecules, especially for low copy antigenic peptides. However, peptidases and
proteases in the cytosol and the ER may also contribute to the generation of peptides of
appropriate length (9-12 residues, mostly 9mers) for class I binding. Moreover, TAP molecules
exhibit limited polymorphism, which affects the set of peptides carried into the ER. There,
chaperone-assisted assembly generates a stable heterotrimer containing MHC class 1 heavy
chain, p2-microglobulin and a peptide. After glycosylation in the Golgi apparatus, this complex
is transported via the secretory pathway to the cell surface for presentation to CD8+ T cells (Fig.
1.8).
The alternative pathway of antigen processing of exogenous peptides is not yet
completely understood (Gromme and Neeijes, 2002; Heath et al. 2004). Endocytosed antigens
or proteins from intracellular pathogens such as bacteria gain access to endosomes or
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phagosomes. From there, they may be transferred to the cytosol and follow a conventional class
I pathway for process and presentation. Transport to the cytosol could result either from
phagocytic overload or disruption of the endosomal membrane by toxins produced by the
pathogen (Brunt et al. 1990; Mazzaccaro et al. 1996). In the non-cytosolic alternative pathway,
phagosytosed proteins are translocated from the phagosome to be degraded by closely-
associated proteasomes. Peptides are then transported back to the endosomal or phagolysosomal
compartment and loaded onto MHC class I molecules. The class I molecules present in these
compartments are either newly synthesized or, more possibly, internalized from cell surface.
Following peptide exchange, the new heterotrimers are recycled back to the cell surface (Fig.
1.8).
Class II MHC molecules are expressed only in certain cells of the immune system, such
as macrophages, B cells and dendritic cells and they display peptides from external antigens to
CD4+ T helper cells. The process involves uptake of antigen into the endocytic compartment
and degradation of the proteins into peptides of 10 to 30 residues (usually 12-20), which bind to
the class II peptide binding groove, which is more extended than that of class I molecules
(Brown et al. 1993). Class II MHC are transported into the ER, where they associate with a
protein known as the invariant chain (Ii). Binding of li to the class II binding groove prevents
binding of peptides in the ER. The class Il-Ii complex is then transported to a specialised
compartment known as the MHC class II compartment (MIIC), which fuses with endosomal
vesicles. The Ii is then cleaved by proteases, leaving only a short fragment called the class 11
associated invariant chain peptide (CLIP). Finally, a non-classical class II molecule, the DM,
catalyses the release of the CLIP fragment and the binding of antigenic peptides to the MHC
class II molecules (reviewed by Alfonso and Karlsson, 2000; Bryant and Ploegh, 2004). DM
continuously binds and releases weakly bound peptides, affecting the outcome of which
peptides are ultimately presented for T cell recognition.
1.2.4 The importance of MHC polymorphism
MHC genes are the most polymorphic genes in the genome of vertebrates and the polymorphic
residues are mainly situated in the peptide binding groove (Bjorkman et al. 1987b; Brown et al.
1993), so that different alleles favour both the binding of different peptides (Falk et al. 1991;
Rudensky et al. 1991) and the development of distinct T cell repertoires (Messaoudi et al. 2002).
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MHC polymorphism is maintained by some form of balancing selection (Hedrick P.
1998). At the population level, such polymorphism ensures that peptides derived from possible
pathogens will be recognised by the immune system of at least some individuals and thus, the
likelihood of a pathogen evading all individuals is eliminated. Since MHC genes are co-
dominantly expressed and most individuals are heterozygous because of the extremely
polymorphic nature of MHC genes, two alleles are usually expressed from each locus. Hence,
given that there are three classical class I MHC loci in humans, up to six different class 1
proteins can be expressed on the cell surface (Parham et al. 1995). In the case of class II genes,
the total number of distinct class II molecules for a heterozygous individual can range from 10
to 20, because of the possibility of heterologous pairing of a and |3 chains when multiple DR or
DQ loci occur. Taking into consideration that multiple peptides with certain common features
can potentially bind to a given MHC molecule, MHC polymorphism and co-dominant
expression of multiple loci ensures that the maximum possible number of either pathogen
peptides or self peptides can be displayed for T cell recognition during antigen presentation and
T cell repertoire development, respectively.
1.2.4.1 MHC polymorphism in disease association studies and vaccine
development
Because of the dual function of the MHC molecules in presenting processed antigenic peptides
to T cells on the one hand and their role in shaping the T cell repertoire on the other hand, these
proteins and their polymorphism has been extensively studied in disease association and vaccine
development studies.
1.2.4.1.1 The MHC in disease association studies
An association between a polymorphic MHC gene and an immune response trait or a disease
may be due to either a direct effect of that gene or that of a gene linked to it. Thus, both the
function and the polymorphic nature of the MHC genes make them likely candidate or marker
genes for association studies.
Many disease association studies have been conducted in humans and domesticated
animals (reviewed by Dietert R. 1996; Kaufman et al. 1995; Lewin H. 1996; Lewin et al. 1999;
Lombard et al. 2006; Schonbach et al. 2002; Takeshima and Aida, 2006; Thorsby E. 1997). In
humans, these studies provide useful evolutionary perspectives, showing that specific pathogens
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influence the evolution of MHC genes (Lombard et al. 2006). This is apparent from the well
established associations between a class I specificity and a class II haplotype with protection
from severe malaria (Hill et al. 1991). These alleles are found in higher frequencies in West
African populations compared to other racial groups, suggesting that natural selection by
malaria has contributed to their elevated frequencies in Africa. Such findings have been
exploited in an attempt to design a vaccine against malaria, by identifying the epitopes involved
in a protective immune response (Davenport and Hill, 1996; Doolan et al. 1996). Other well
established MHC associations in humans include correlations with autoimmune diseases, such
as rheumatoid arthritis and type I insulin dependent diabetes (reviewed by Lombard et al. 2006;
McDevitt H. 2000; Thorsby E. 1997). The FIMM database for functional molecular
immunology includes 52 disease associations (Schonbach et al. 2000; 2002) and a database
containing primers for single nucleotide polymorphism (SNP) detection in the MHC area has
further facilitated such association studies (Geraghty et al. 2002).
In domesticated animals, MHC association studies were motivated by the potential for
improving genetic resistance to infectious diseases. As the relationships between MHC
molecules and function were elucidated, however, it became obvious that maintaining
heterozygosity is important for herd health. Homozygosity at an MHC locus for an allele or
haplotype may provide resistance to a particular disease, but 'holes' in the peptide-binding
repertoire for other diseases may exist because of lower diversity ofMHC presenting molecules.
Thus, creating animals homozygous at an MHC locus is not only difficult to achieve, but also be
undesirable. Nevertheless, altering the frequency of resistant alleles or haplotypes for a specific
disease is desirable and feasible, particularly for those diseases where resistance is a dominant
trait such that heterozygous animals with only one resistant allele are nonetheless resistant
(Lewin et al. 1999). To date, Marek's disease in chickens is a well established example of an
association between MHC and resistance (Briles et al. 1977). In ruminants, a number of studies
support associations between bovine MHC and resistance to Bovine Leukemia Virus (BLV) and
mastitis (reviewed by Lewin H. 1996; Lewin et al. 1999; Takeshima and Aida, 2006), while
associations of ovine MHC with scrapie (reviewed by Dietert R. 1996) and parasitic infections
have been suggested (reviewed by Stear and Wakelin, 1998).
The precise mechanism whereby MHC genotype confers resistance or susceptibility to
particular pathogens are unclear, but may relate to the specificity of peptide binding. Animals
with different sets of MHC genes preferentially bind and present particular immunogenic
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peptides to T cells. Those T cells may be involved in the pathogenesis of the disease or in a
protective immune response (Thorsby E. 1997).
Moreover, it is likely that animals with different MHC alleles and endogenous peptides
become tolerant to different self antigens and develop distinct T cell repertoires. A direct link
has been suggested between MHC polymorphism and defense against pathogens, associated
with increased T cell repertoire diversity and T cell avidity (Messaoudi et al. 2002). These
authors used co-isogenic mouse strains differing only in the alleles of one locus and showed that
differences in resistance to herpes virus was attributable to different T cell repertoires against an
immunodominant peptide. The susceptible mice had developed T cells with TCRs exhibiting
lower overall avidity for the peptide. It seems, therefore, that different MHC alleles favour the
development of distinct T cell repertoires, which affects the magnitude and specificity of some
of the variation in immune responses against pathogens. Consequently, MHC polymorphism
may account for resistance or susceptibility to pathogens.
1.2.4.1.2 MHC polymorphism in vaccine development
One approach to vaccine development involves vaccination with peptides corresponding to
short segments of a pathogen, instead of using the whole organism. This approach is very
useful, because it may provide safe alternatives to the conventional live attenuated or inactivated
vaccines. Moreover, an intact pathogenic protein may incorporate elements evolved by the
pathogen to escape the immune response, whereas immunization with subunit peptides can
bypass this problem (Cunha-Neto E. 1999). Research on human subunit vaccines has resulted
in the design and development of very successful vaccines, such as that targeting hepatitis B
virus (Koff R. 2002), while research on veterinary subunit vaccines has shown that conjugated
peptides derived from several animal viruses provide protective immune responses (reviewed by
Shams H. 2005).
The immunogenicity of a protein for an individual depends largely both on its ability to
bind to MHC molecules and on the ability of the T cells to recognise the resulting peptide-MHC
complexes (Doolan et al. 1996; Sette and Fikes, 2003; chapter 1.1). Although parameters such
as the role of costimulatory molecules, the concentration of the antigenic protein and the steps
involved in the antigen processing and presentation may also influence the immunogenicity of a
protein, a critical requirement for an immunodominant peptide is a structure that permits it to
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form a complex with an MHC molecule that can be recognized by a T cell (Corradin and
Demotz, 1997; Doolan et al. 1996; Sette and Fikes, 2003; chapter 1.1).
Individual MHC molecules can bind a range of peptides that share common features,
known as peptide binding motifs. Such motifs have been established for a number of MHC
alleles by sequencing naturally processed peptides eluted from their binding grooves (Falk et al.
1991; reviewed by Davenport and Hill, 1996; Sette and Fikes, 2003). Some amino acid residues
of a peptide are crucial for efficient binding to MHC molecules and are known as anchor
residues. These residues bind to polymorphic amino acids in the binding groove and as a result,
especially for class I molecules, related amino acids occur at particular positions in all peptides
eluted from individual MHC specificities. A database containing short peptides known to bind
MHC class I or II molecules from several organisms has been created (MHCPEP; Brusic et al.
1994, 1996, 1997 and 1998) and more recently, the EPIMHC database was established to
address the lack of updates of MHCPEP since 1998 (Reche et al. 2005). On the basis of these
developments and infonnation from crystallographic structures of MHC proteins, algorithms
have been developed that allow prediction of high affinity peptides from pathogens (reviewed
by Cunha-Neto E. 1999).
A successful vaccine should include epitopes that elicit protective immune responses in
individuals carrying any of the MHC alleles present in the target population (Cunha-Neto E.
1999). Accommodation of this principle towards development of subunit vaccines for humans
has followed two main strategies based on classical or reverse immunogenetics (reviewed by
Davenport and Hill, 1996). The classical immunogenetic approach relies on the identification of
candidate immunogenic pathogen proteins, demonstration of their protective capacity and
establishment whether MHC polymorphism affects the magnitude and specificity of the immune
response. In contrast, the reverse immunogenetic strategy starts with an association of a
particular MHC allele or haplotype with disease resistance in a given population. This is
followed by identification of peptide binding motifs from self peptides eluted from that allele
and comparison with peptides from known pathogen proteins (Lauemoller et al. 2001). This
allows synthesis of candidate pathogen peptides, which can be screened for the capacity to bind
the MHC alleles in question in MHC stabilization assays using TAP-deficient cell lines
(Anderson et al. 1993), and in functional assays for T cell recognition such as lysis of peptide-
pulsed target cells by specific cytotoxic T lymphocytes.
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1.3 The ovine Major Histocompatibility Complex (MHC)
1.3.1 Nomenclature and genomic organization
The ovine MHC system is known as Ovine Lymphocyte Antigens (OLA), in accordance with
HLA in humans and BoLA in cattle, because it was initially defined using alloantisera (Millot P.
1978). The name Ovar, which stands for Ovis aries, has been also proposed in an effort towards
systematic nomenclature of the MHCs in all vertebrates (Klein et al. 1990).
The ovine MHC system is situated on chromosome 20 (Hediger et al. 1991; Mahdy et
al. 1989) and spans a region of at least 2.6Mb (Liu et al. 2006). Most mammals for which
genome maps have been constructed, including chimpanzees, old world monkeys, pigs, cattle,
dogs and cats, appear to have an overall MHC structure similar to those of human and mouse
(Kulski et al. 2002). Only very recently, a BAC-based physical map of the ovine MHC complex
was constructed, which shows that its general genomic organization is similar to that of the
human and mouse MHC, with centromere-class Il-class Ill-class I-telomere orientation (Liu et
al. 2006). This was also supported by a linkage map based on microsatellites (Crawford et al.
1990), where the use of three bovine markers showed that the order and the approximate genetic
distance between the markers was conserved between cattle and sheep (Dietert R. 1996).
Although the overall genomic organization is similar among different organisms, some
notable differences occur in some species. In contrast to humans, there are at least six expressed
class I loci in cattle and BoLA class I haplotypes differ both in the number and composition of
expressed class I genes (Ellis and Ballingall, 1999; Ellis et al. 1999; Ellis S. 2004). Haplotype
variation may also be a feature of ovine class I genes since a number of serological studies have
suggested at least two expressed loci (Cullen et al. 1982; Garrido et al. 1995; Jugo and Vicario,
2001; Jugo et al. 2002; Stear and Spooner, 1981; Stear et al. 1996), whereas others propose at
least three (Grossberger et al. 1990; Millot P. 1984). In addition, evidence based on
biochemistry, serology and one dimensional isoelectric focusing (1D-IEF) suggests that IEF
patterns could be explained by different numbers of genes expressed in different haplotypes
(Jugo et al. 2002). However, unlike HLA class I alleles, which are readily distinguished into
three loci by inter-locus and intra-locus pairwise sequence comparisons (Parham et al. 1995),
sheep and cattle class I alleles cannot be allocated into different loci on the basis of sequence
differences (Ellis et al. 1999 and personal communication). Identification of the exact number of
expressed bovine and ovine class I loci is therefore difficult.
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A striking difference in genomic organization between the HLA and the BoLA and
OLA complexes is found in the class II region. BoLA class II genes are separated into two
subregions (Ila and lib) by a distance of around 17cM (Andersson et al. 1988; Hess et al. 1999),
with the class lib cluster located proximal to the centromere (Jarrell et al. 1995; van Eijk et al.
1993). Based on a radiation hybrid map, the separation of the Ila-Ilb loci has been attributed to a
large chromosomal inversion (Band et al. 1998). Subregions lib and 11a in sheep are separated
by a large genomic insertion of approximately 25cM (Maddox et al. 2001), with the novel
ruminant DYA and DIB genes (Wright et al. 1994), which are located in the BoLA class lib
region, also localized in the class lib subregion of sheep (Liu et al. 2006). In an additional
structural deviation from HLA, both BoLA and OLA lack a DP locus (Deverson et al. 1991;
Scott et al. 1987).
The ovine MHC class II region contains an estimated 7 different alpha and 24 different
beta genes, as revealed by screening of cosmid libraries from two unrelated heterozygous sheep
with human and murine class II probes (Deverson et al. 1991). In particular, Southern blot
hybridization with HLA class II probes revealed a single DRA and multiple copies of DRB,
DQA and DQB genes in the ovine MHC class Ila subregion (Scott et al. 1987). It seems that
there are at least three DRB genes; a study using monoclonal antibodies specific for sheep MHC
class II molecules suggested that two distinct DRB products are expressed (Dutia et al. 1994)
and an additional DRB pseudogene has been described (Scott et al. 1991b). Co-expression of
ovine DRA and DRB genes in mouse L cells has been achieved (Ballingall et al. 1992).
The DQ area in sheep seems to be more complicated. Scott et al. (1987a, b) provide
evidence for at least two DQA- and three DQB-like loci. From these, four partial genomic
clones representing two DQA (DQA1 and DQA2) and one DQB locus were sequenced (Scott et
al. 1991a, b). A map subsequently constructed for the ovine MHC-DQ subregion, using
overlapping cosmid clones, showed that it spans an area of 130kb, with DQA1, DQB1, DQA2
and DQB2 loci in the order mentioned (Wright and Ballingall, 1994). Expression of MHC
glycoproteins on the surface of L cell transfectants was accomplished only for the genes
designated DQ1 (Ballingall et al. 1992; Deverson et al. 1991; Wright and Ballingall, 1994). Up
to five bovine DQA and B loci have been proposed and cattle haplotypes contain either single or
duplicated DQ genes, with various combinations of those loci (Gelhaus et al. 1999a, b). This
also seems to be the case for ovine MHC DQ genes, as revealed by more recent studies (Escayg
et al. 1996; Hickford et al. 2000; Snibson et al. 1998). While the majority (82-89%) of the sheep
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examined were found to carry one DQA1 and one DQA2 gene, 11-18% had no DQA1 locus
(Escayg et al. 1996; Snibson et al. 1998). DQA1 null haplotypes were subsequently found to
contain a dublicated DQA2 region (Hickford et al. 2000).
The ovine MHC class lib subregion contains single copies of DNA, DOB (Scott et al.
1987; Liu et al. 2006), DYA and DIB genes (Wright et al. 1994; Liu et al. 2006) and the DM
loci (liu et al. 2006). In cattle, LMP2, LMP7 and TAP2 genes have been also shown to be
located in the BoLA class lib subregion (Hess et al. 1999), but such data are not available for
sheep.
1.3.2 Structure and function of ovine MHC molecules
Using monoclonal antibodies detecting monomorphic ovine MHC determinants and
immunoprecipitation techniques, a class I heavy chain of 44kD in association with a P2-
microglobulin of 12kDa has been identified (Gogolin-Ewes et al. 1985). Lor class II, an a chain
of 30-32kDa and a P chain of 24-26 kDa have been described (Puri et al. 1985). Although minor
structural differences between human and ovine MHC molecules have been described (Puri et
al. 1987a, b), the overall structure of ovine MHC glycoproteins is similar to their human
counterparts and to those described in other species (Gogolin-Ewes et al. 1985; Puri et al. 1985).
Despite the lack of specific studies showing that ovine MHC class I and II molecules
act as restriction elements in sheep, it is assumed that, as in other species, ovine T lymphocyte
responses are MHC restricted. Moreover, the tissue distributions of both class I and class II
ovine MHC glycoproteins were found to be the same as those of HLA antigens (Gogolin-Ewes
et al. 1985; Hopkins et al. 1986; Puri et al. 1985). In addition, MHC molecules are expressed
within 35-40 days during development of the foetal sheep thymus and all T cell subsets found in
human thymus are also present in sheep (reviewed by Mackay C. 1988). These findings indicate
a role for the ovine MHC proteins in thymic T cell development similar to that in man and
mouse.
1.3.3 Ovine MHC polymorphism
1.3.3.1 Serology
The sheep MHC system was first identified using serological reagents (Ford C. 1975; Millot P.
1978) and polymorphism of ovine MHC class I molecules has been studied mainly using
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serology (reviewed by Spooner et al. 1988). Up to 31 provisional specificities controlled by co-
dominant alleles from at least two loci have been described. Although a formal workshop for
ovine MHC antigens has yet to be held, exchange of alloantisera among European laboratories
resulted in the establishment and nomenclature of four specificities (OLA wl to w4) (Cullen et
al. 1985). Evidence that sheep lymphocyte antigens are encoded by ovine MHC class I genes
was obtained by a study showing that OLA specificities co-segregated with genes that
hybridized to cDNA probes for human MHC class I (Chardon et al. 1985).
A comparison between European (P) and Australian (SY) specificities showed that wl
to w3 were closely correlated (Outteridge et al. 1988) and four specificities were found in
Spanish sheep, the two of which (CO 1.1 and C02.1) showed excellent correlation with
alloantisera from Scotland (CA2 and CA5) (Garrido et al. 1995). Subsequently, alloantisera
were produced for two Spanish breeds (Laxta and Rasa) and segregations of some of these
ovine MHC antigens with MHC class II DRB1 SSCP patterns indicated that they were encoded
within the MHC (Jugo and Vicario, 2001). In the latter study, two of the defined specificities
(Bi2 and Bi5) corresponded to two specificities (C03.1 and CO 1.1) found by Garrido et al.
(1995). More recently, over 600 alloantisera from 516 parous sheep from the Laxta and Rasa
Spanish breeds were analyzed in an attempt to produce class I typing reagents (Jugo et al. 2004).
Comparison of immunization with either whole blood or leucocytes revealed that a single
injection of the dam with whole blood from a lamb is sufficient to produce alloantisera with
high utility for class I antigen typing (Jugo et al. 2004), corroborating the observation of Nesse
and Larsen (1987) in goats.
In contrast to class 1 typing, where serology has been the principal means of
characterizing the system, serological typing for class II is limited, even for BoLA, despite its
more advanced level of characterisation. This can be attributed both to the difficulty of
developing serological reagents for class II antigens and advances in the development of more
powerful DNA-based methods (Lewin et al. 1996).
1.3.3.2 Monoclonal antibodies, immunochemical and biochemical studies
Monoclonal antibodies against ovine MHC class I antigens were first produced by Gogolin-
Ewens et al. (1985). Later, immunoprecipitation of class I products from a homozygous sheep,
using those and an additional antibody, revealed three different class I molecules (Puri et al.
1987a). However, because these antibodies recognized monomorphic class I determinants, they
24
Chapter 1. Introduction and Literature Review
could not be used to study class 1 polymorphism. More recently, MHC class I polymorphism
was studied biochemically in 65 Laxta sheep, by immunoprecipitation with monoclonal
antibodies raised against human MHC class I molecules followed by 1D-IEF analyses (Jugo et
al. 2002). Eighteen distinct IEF types were defined and comparison with serological specificities
showed that some well-defined specificities corresponded to only single patterns, while three
specificities segregated with more than one IEF pattern. Some IEF patterns did not correspond
to any of the serological specificities. These findings suggest that at this stage of serological
advancements, IEF typing detects a higher level of polymorphism than serology.
Monoclonal antibodies against ovine MHC class II antigens were first produced by Puri
et al. (1985) and were used to study the tissue distribution of class II molecules. Later, a rat
monoclonal antibody against sheep MHC class II molecules was used to study the distribution
of these proteins in peripheral and efferent lymph (Hopkins et al. 1986). Subsequent studies
characterized ovine MHC class II molecules immunochemically (Puri et al. 1987b) and
provided evidence for four distinct class II subpopulations and allelic variation in a and P
polypeptides (Puri and Brandon, 1987; Puri et al. 1987a). More recently, monoclonal antibodies
specific for a and P class II chains (Dutia et al. 1990) and those that distinguish DR or DQ
molecules (Ballingali et al. 1995; Dutia et al. 1993; 1994) have been produced, but they have
not been applied in the study ofMHC class II polymorphism.
1.3.3.3 DNA studies
Despite the characterization of sheep MHC class I polymorphism by serology, very few studies
have been conducted at the DNA level. A study by Chardon et al. (1985) was the first to
examine ovine MHC class 1 polymorphism by restriction fragment length polymorphism
(RFLP), using human class 1 cDNA probes, and demonstrated the segregation of four
haplotypes into five offspring of a single family. Segregation of four distinct polymorphic bands
corresponded exactly to the inheritance of ovine MHC haplotypes from the ram and the ewe
used. Comparison with serological typing showed that the RFLP patterns corresponded to the
serological haplotypes.
However, as with other species, the occurrence of many pseudogenes and genes of
undefined function in the MHC class I region make such genomic studies complicated. It is
therefore prudent to restrict analysis to the cDNA level, especially during the early stages of
characterization. At the outset of this study, only a single full length cDNA sequence (accession
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number: M34676; Grossberger et al. 1990) was available in public databases, along with 10
partial cDNA sequences (M34672-M34675, U030092-U030094, AY 188824-AY 188826) and
13 exon 3 fragments (U25998-U26010). All were derived from only four research groups, only
one of which had published their results in an international journal (Grossberger et al. 1990).
These authors isolated thirteen class I cDNA clones from a sheep thymus library. Five different
sequences were found, requiring the expression of at least three loci. One of the sequences was
represented six times among the clones and, since no amplification took place during the
construction of the cDNA library, this might have represented the major expressed product.
Due to the small number of ovine MHC class I sequences known to date and the limited
number of family studies conducted, the only available PCR-based typing method for these
genes to date is based on a microsatellite inside the MHC class I region (Groth and Wetherall,
1994; Gruszczynska et al. 2002). However, correspondence of the microsatellite alleles with
MHC class I alleles is not known.
Polymorphism of ovine MHC class II has been studied to a much greater extent at the
DNA level than class I genes. This has been accomplished by RFLP-Southern hybridization
analyses (Grain et al. 1993; Escayg et al. 1996), Single Strand Conformational Polymorphism
(SSCP) (van Oorschot et al. 1994; Snibson et al. 1998; Kostia et al. 1998; Jugo and Vicario,
2000; Tkacikova et al. 2005; Arrieta-Aguirre et al. 2006), Reference Strand Conformational
Polymorphism (RSCP) (Feichtlbauer-Huber et al. 2000), PCR-RFLP (Konnai et al. 2003) and
sequencing of cloned PCR or RT-PCR products, or clones from cDNA libraries (Fabb et al.
1993; van Oorschot et al. 1994; Wright et al. 1994; 1995; Snibson et al. 1998; Kostia et al.
1998; Feichtlbauer-Huber et al. 2000; Jugo and Vicario, 2000; Konnai et al. 2003; Herrmann et
al. 2005).
1.3.3.4 Importance of ovine MHC polymorphism-balancing selection
As with other species, it has been suggested that sheep MHC polymorphism is maintained by
balancing selection (Gutierrez-Espeleta et al. 2001; Paterson S. 1998; Paterson et al. 1998). An
excess of non-synonymous over synonymous substitutions has been observed, especially in the
peptide binding region (Gutierrez-Espeleta et al. 2001; Paterson S. 1998; Schwaiger et al. 1993).
In addition, heterozygosity in the antigen binding sites (ABS) is over five-fold greater than
elsewhere (Gutierrez-Espeleta et al. 2001). These findings imply strongly that the extent of
variation is associated with function and therefore, that new allelic variants are favoured,
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leading to an increase in MHC diversity. Furthermore, comparison of allelic sequences from six
different Bovid species (Bighorn, domestic sheep, goat, bison, cow and musk-ox) showed that
the MHC polymorphism is maintained by balancing selection over long periods of time, because
many allelic lineages of one species are more similar to alleles of other species, than to other
alleles of the same species (Gutierrez-Espeleta et al. 2001).
1.3.4 Ovine MHC disease association and immunization studies
Associations of sheep MHC specificities or alleles with disease resistance or susceptibility have
been suggested for sheep nematode infections, including Trichostrogylous colubriformis
(reviewed by Hohenhaus and Outteridge, 1995), Ostertagia (Teladorsagia) circumcincta
(Buitkamp et al. 1996; Schwaiger et al. 1995; Stear et al. 1996), Haemonchus contortus
(reviewed by Hohenhaus and Outteridge, 1995), as well as for scrapie (reviewed by Spooner et
al. 1988), footrot (Escayg et al. 1997) and the Bovine Leukemia Virus (BLV)-induced ovine
lymphoma (Nagaoka et al. 1999; Konnai et al. 2003). These studies can be divided into two
main categories: Those in which natural infection occurred and comparisons of allele
frequencies were made between afflicted and non-afflicted groups, and those where the
pathogen was introduced experimentally by inoculation or immunisation. In the latter case,
allele frequencies were compared between susceptible and resistant groups or between groups
that produced high or low immune responses.
Caution is required in interpretation of such associations, because of various difficulties
associated with the analyses (reviewed by Spooner et al. 1988). Problems in managed
populations arise from sire effects and selective mating based on desirable traits, which affect
the frequency of certain MHC alleles in the population. Moreover, due to the large number of
available MHC alleles and the high level of heterozygosity, large numbers of animals are
needed for statistically valid analyses. It is difficult for all, or even the majority of alleles in a
population to be represented by a statistically adequate number of animals. For these reasons, it
has been suggested to study susceptibility or resistance within sire families and lineages in
relation to segregation of an MHC haplotype. The use of large numbers of sheep and
confirmation of associations by several independent studies is also considered necessary to
provide a vigorous assessment.
Notwithstanding the above considerations, a possible association of ovine MHC and
resistance to gastrointestinal nematodes has been observed in Scottish Blackface sheep
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(Buitkamp et al. 1996; Dukkipati et al. 2006; Schwaiger et al. 1995; Stear et al. 1996). These
authors found that an ovine MHC DRB1 (G2) allele and an OLA class 1 specificity (G13br)
were associated with reduced faecal egg counts (FEC) in sheep infected naturally with O.
circumcincta. It was suggested that the DRB1 gene was more closely linked to the trait, and is
therefore possibly the actual resistance locus (Stear et al. 1996). Chi-square analysis of typing
data for both class I and II loci suggested that G2 and G13br are closely linked, a fact that
further supports the association.
Subsequently, DRB1 alleles from the Texel and Suffolk sheep breed were also
associated with FEC as a means of measuring resistance/susceptibility to gastrointestinal
nematodes (Sayers et al. 2005). These authors suggested that Texels are more resistant than
Suffolk because of a different allelic profde at the DRB1 locus. A recent microarray analysis
provided further evidence for an association of ovine MFIC class II genes and resistance or
susceptibility to nematodes (Diez-Tascon et al. 2005). Among eight other genes, DRA, DQA1
and DQB1 were differentially expressed and, in particular, upregulated, in resistant sheep
compared to susceptible animals.
The most striking association found to date for sheep MHC class I antigens is between
SY1 (divided into SYla and b and corresponds to European P3), an OLA class 1 specificity
found in Australian sheep, and resistance to T. colubriformis (reviewed by Hohenhaus and
Outteridge, 1995). This finding has been supported by several studies using different flocks
(Outteridge et al. 1985; 1986; Windon and Dineen, 1984), including a family study, where sires
and ewes were selected on the basis of the OLA specificity and bred to produce mainly
homozygous lambs (Outteridge et al. 1988). Subsequently, the association of SY1 with low
FEC for the nematode was also confirmed in a New Zealand breed (Douch and Outteridge,
1989). At the farm level, a test screening rams for SY phenotype has been established in
Australia for use in combination with measurement of blood eosinophil levels (high levels
indicate resistance) in both rams and ewes, in order to select for parasite resistance (Hohenhaus
et al. 1996).
Identification of ovine MHC-disease associations can therefore inform the design of
appropriate breeding schemes to increase the overall resistance of a sheep flock to a pathogen.
Such studies are also driven by the fact that MHC is a source of variation in responsiveness to
immunisation with potential vaccines (Hohenhaus and Outteridge, 1995). However, although T
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cell antigen screening of peptides eluted from isolated human MHC molecules have lead to
identification of candidate vaccine antigens (section 1.2.4.1.2), analogous studies have yet to be
conducted for the ovine MHC. Such studies are constrained by the lack of molecular
characterization of the ovine MHC class I region and lack of reagents necessary for analysis of
class I MHC restricted T cell responses.
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1.4 Aims and objectives of the project
The role of classical MHC molecules in initiation and regulation of immune responses and in
the development of the T cell repertoire is well established. The function and extremely
polymorphic nature ofMHC genes therefore render them as candidate or marker loci for disease
resistance with potential for use in selective breeding programmes. Characterisation of the MHC
system in a species of interest is a prerequisite for the establishment of typing methods for
screening populations for alleles that confer resistance to pathogens.
In the context of vaccine development, the pivotal role played by MHC products in
determining the specificity of the immune response provides opportunities for identification of
candidate antigens through the reverse genetic approaches described above. Application of these
approaches is again dependent on precise information on MHC structure and polymorphism and
the availability of cloned genes for expression in mammalian cells.
However, since very few studies have been conducted on ovine MHC class I genes to
date (Chardon et al. 1985; Grossberger et al. 1990), this region is poorly characterized. Only
limited sequence information is available and the number of expressed class I loci is disputable.
In addition, sequence or PCR-based typing methods are unavailable and functional studies using
sheep class I molecules to identify potential subunit vaccines are not possible. This study set out
to address these gaps by characterising the expression of MHC class I genes in sheep and
producing a set of cloned class I genes derived from individual haplotypes for expression in
vitro.
The study focused on a flock of Blackface sheep. The Blackface breed is the most
numerous breed in Britain, accounting for over three million ewes. This represents 16% of the
British pure-bred ewe flock and the vast majority are found in Scotland (http://www.scottish-
blackface.co.uk/). Two Blackface rams were selected from the flock for laboratory analysis. The
project was structured in three sections:
1. Sequence and haplotype characterization of the transcribed ovine MHC class I
alleles carried by the rams
This section aimed to identify all ovine MHC class 1 alleles transcribed by each ram,
using single strand conformational polymorphism and sequencing (chapter 3). Based on
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the identified partial ovine MHC class I sequences, it was aimed to establish a
sequence-specific PCR-based typing system for these alleles (chapter 4). It was aimed
to use this system to investigate how the parental alleles segregate among the progeny,
and so allocate alleles to haplotypes (chapter 4). Such information would enable
generation of sheep defined for a given MHC haplotype for future use in functional
studies.
2. Sequencing and analysis of full length ovine MHC class I transcripts
The aim of this section was to obtain full length sequence data for the class I genes
transcribed by the rams, in order to gain insight on their functionality and classical or
non-classical nature (chapter 5). Sequence data could then be used to perform
phylogenetic analysis of the identified sequences in this study and the ruminant class 1
sequences available in databases (chapter 6). This phylogenetic analysis would allow an
evaluation of the number of classical and putative non-classical class I loci transcribed
in sheep.
3. Generation of transfectants expressing OLA class 1 alleles carried by the rams
This section aimed to confirm the capacity of transcripts identified in the study to give
rise to appropriately folded molecules on the cell surface. This was approached through
generation of mammalian expression constructs for individual transcripts and analysis
of transiently transfected L cells for surface expression using monoclonal antibodies and
flow cytometry (chapter 7).
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Chapter 2. General Materials and Methods
2.1 Animals
Twenty four Blackface sheep from a resource flock established at the Moredun Research
Institute were used in this study. Specifically, 2 rams, 5 ewes and 17 lambs were used, the
pedigree of which is presented in Table 2.1.
Ram Ewe Lamb Ram Ewe Lamb
501 894N 448 504 888N 457
501 306N* 449 504 926N) 529
501 877N* 461 504 926N 530
501 822N* 486 504 922N 573
501 219N 489 504 596N 596
501 740N 518 504 1098N* 609
501 329N 555 504 265N* 610
501 808N 637 504 286N 673
501 197N 680
Table 2.1: Pedigree of animals used in this study. * Ewes used in this study.
2.2 Chemicals, solutions and plastic ware
All chemicals were of analytical or molecular biology grade from BDH (BDH Laboratory
Supplies, Poole, UK), Sigma (Sigma-Aldrich Co. Ltd., Poole, UK), Difco (BD Diagnostic
systems, USA) and Bioline (Bioline, London, UK).
All stock solutions and buffers were prepared with MilliQ ion-exchange purified water
(Purelab ultra 2, ELGA Process Water, Derbyshire, UK), sterilized DEPC treated water
(Appendix 1.1) for RNA based procedures and sterilized distilled water for DNA based
procedures. All laboratory plastic used in nucleic acid preparation and analysis was sterile,
disposable and DNase/RNase free. Materials were sterilized by autoclaving at 121°C for 15
min.
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2.3 Preparation of nucleic acids
2.3.1 Preparation of messenger RNA
Immediately after preparation of peripheral blood mononuclear cells (PBMC; section 2.9.2),
poly-adenylated messenger RNA (mRNA) was extracted using the Dynabeads mRNA direct kit
(DYNAL ASA, Oslo, Norway), according to the manufacturer's instructions. The kit relies on
the base pairing between the poly A tail ofmessenger RNA and the oligo dT sequence bound to
the Dynabeads surface. Dynabeads are uniform, magnetic polymer particles, which rapidly and
efficiently bind the target RNA which is subsequently purified by binding to a magnetic particle
concentrator (MPC).
Briefly, 4xl06 PBMC were resuspended in lysis/binding buffer and the lysate was
passed through a 21 gauge needle three times to shear the DNA. The sheared lysate was then
added to resuspended Dynabeads Oligo (dT)25. Following binding the mixture was applied to
the MPC and the supernatant was removed. The dynabeads were then washed three times and
0.2-0.6pg purified mRNA were eluted in a final volume of 20pl lOmM Tris-Cl (Appendix 1.1).
2.3.2 Preparation of total cellular RNA
Total cellular RNA was extracted from PBMC using the Qiagen RNeasy mini kit (Qiagen Ltd,
West Sussex, UK), according to manufacturer's instructions. PBMC were stored at -80°C in the
RNA stabilization reagent RLT (Qiagen Ltd, West Sussex, UK). This reagent contains
guanidine isothiocyanate (GITC) that is a strong denaturant causing simultaneous disruption of
cells and inactivation of ribonucleases. Total RNA is bound to a silica gel membrane at a high
salt concentration and contaminants are removed by washing. Any contaminating genomic
DNA is removed by digestion with DNAase I and RNA is subsequently eluted under low salt
concentration.
Briefly, lxlO7 PBMC in 600pl RLT were thawed and incubated at 37°C for 10 min.
The lysate was then passed 6 times through a 20-gauge needle fitted to an RNase-free syringe.
One volume of 70% ethanol was added to the homogenized lysate and mixed well by pipetting.
The sample was applied to an RNeasy mini column and centrifuged at 8000g for 15 sec. DNA
was digested on column using 30U DNAase 1. Columns were washed with ethanol containing
buffer (RPE) and finally, total RNA was eluted in 30pl RNase-free water (Appendix 1.1).
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2.3.3 Preparation of plasmid DNA
Plasmid DNA was recovered from 5ml of Luria-Bertani (LB) medium (Appendix 1.2)
inoculated with the bacterial colony of interest and incubated overnight at 37°C under shaking.
The QIAprep spin miniprep kit (Qiagen Ltd, West Sussex, UK) was used for plasmid recovery
according to manufacturer instructions. In the QIAprep system, bacteria are lysed under alkaline
conditions and the lysate is neutralized and adjusted to high salt binding conditions. The
alkaline conditions ensure that only the plasmid DNA is released and denatured, while rapid
addition of acidic buffer precipitates cell debris where chromosomal DNA is entraped. After
high speed centrifugation, the supernatant is applied to a silica gel membrane column that
selectively binds DNA in the presence of high salt. The plasmid DNA is then eluted under low
salt concentration.
Briefly, pelleted bacteria were resuspended, lysed for 5 min and neutralized. Cell debris
with entrapped chromosomes were precipitated by centrifugation at 10000 g for 10 min in a
benchtop microcentrifuge and the supernatant was applied to a silica-gel membrane. After
washes and removal of ethanol, the plasmid DNA was eluted in 30pl lOmM Tris-Cl (Appendix
1.1).
2.4 Polymerase chain reactions
2.4.1 Amplification of DNA fragments by polymerase chain reaction (PCR)
PCR, initially developed by Saiki et al. 1988, is a primer-directed in vitro reaction for enzymatic
synthesis of a specific DNA fragment. It is based on the annealing and subsequent extension of
two oligonucleotide primers that flank the target DNA sequence. Repeated cycles of
denaturation, primer annealing and extension result in the exponential accumulation of a
specific fragment as the products created in one cycle serve as template in subsequent cycles
(Erlich H. 1999). The particular conditions and primers for amplification of ovine MHC class I
genes are described in each chapter separately. All primers were designed using the programs
PrimerSelect (DNASTAR, Inc. USA) and Primer3 (Rozen and Skaletsky, 2000;
http://frodo.wi.mit.edu/primer3/primer3_code.html.). All PCR reactions were carried out in a 96
well Hybaid MBS 0.2S thermal cycler (Thermo Hybaid, Basingstoke, UK).
2.4.2 cDNA synthesis by reverse transcription (RT)-PCR
The mRNA (section 2.3.1) or total RNA (section 2.3.2) was converted into cDNA immediately
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after isolation, using the Superscript first-strand synthesis system for RT-PCR (Invitrogen Ltd,
Paisley, UK), according to the manufacturer's instructions. First strand cDNA was synthesized
using oligo (dT) as the primer and catalysed by Superscript II RNase H- reverse transcriptase
(RT). This enzyme has been engineered to eliminate RNase H activity thereby increasing the
yield of full length cDNA transcripts.
Up to 0.3pg of rnRNA or 5pg of total RNA were mixed with lOmM dNTPs and 0.5pg
oligo(dT)i2_i8 in a final volume of lOpl and, incubated at 65°C for 5 min and then placed on ice.
The RT reaction mixture (9pl containing lOxRT buffer, lOOmM MgCl2, 0.2 M DTT and 40U
RNase inhibitor) was mixed with the primer/RNA mixture and incubated at 42°C for 2 min.
Fifty U (lpl) of Superscript II RT were added and reverse transcription was conducted at 42°C
for 50 min. The reactions were terminated at 70°C for 15 min and chilled on ice. Finally, the
RNA was degraded by 2U (lpl) ofRNase H at 37°C for 20 min.
2.4.3 Rapid amplification of cDNA ends (RACE)
A 3'-RACE technique was used to determine the unknown nucleotide sequence between a
known internal sequence and the poly(A) mRNA tail. Initially, mRNA is converted into cDNA
using reverse transcriptase and an oligo-d(T)n adapter primer. The adapter primer and a gene
specific primer are then used for PCR amplification of the cDNA of interest. To reduce non
specific amplification a second nested gene specific primer was used with the adapter primer
(Frohman and Martin, 1989).
In this study mRNA was converted into cDNA, using the Superscript first-strand
synthesis system for RT-PCR (Invitrogen Ltd, Paisley, UK), as described in section 2.4.2, with
a slight modification. The oligo-dT primer containing a 36bp adapter incorporated at its 3' prime
end was used instead of the conventional 01igo(dT),8. The primer sequences and PCR
conditions for 3'-RACE of ovine MHC class I genes are described in detail in chapter 5.
2.4.4 Sequence specific primer (SSP)-PCR
This PCR based method for amplification of specific sequences or alleles at polymorphic loci
relies on the principle that completely matched primers amplify more efficiently than
mismatched primers especially at the 3 prime end. The development and application of the SSP-
PCR technique for the amplification of ovine MHC class I genes is described in detail in chapter
4.
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2.5 Analysis of nucleic acids
2.5.1 Spectophotometric quantification of nucleic acid
Nucleic acid concentrations were routinely estimated using a Beckman DU-650
spectrophotometer (BECKMAN, USA). The optical density (OD) at 260 was used to measure
the nucleic acid concentration. An OD of one equates to an RNA concentration of 40pg/ml and
a DNA concentration of 50pg/ml. The OD26o/OD280 absorbance ratio gives an estimate of the
purity of the sample. A ratio greater than 1.8:1 indicates that the sample is relatively free from
contamination (Sambrook et al. 1989).
2.5.2 Restriction endonuclease digestion of DNA
Restriction endonucleases from Roche (Roche Molecular Biochemicals, Mannheim, Germany),
Promega (Promega Corporation, Madison, USA) and New England Biolabs (New England
Biolabs, Beverly, USA) were used according to manufacturer instructions. Restriction
endonucleases are degradative enzymes found in bacteria that recognize and cleave DNA at
sites with a specific nucleotide sequence (Sambrook et al. 1989).
Generally, l-2pg of DNA was digested with 5 units of a restriction enzyme in a total
reaction volume of 20pl containing the appropriate enzyme buffer provided by the
manufacturer. Incubation times varied from 30 min to 2 hours.
2.5.3 Agarose gel electrophoresis
Agarose, a linear polymer extracted from seaweed forms a gel-like matrix that is commonly
used to separate DNA or RNA fragments by size when an electric field is applied (Sambrook et
al. 1989). Ethidium bromide is used to stain the DNA fragments which can be visualised under
ultraviolet light (Sambrook et al. 1989).
0.7, 1.2 and 2% horizontal agarose gels were prepared by dissolving 0.7, 1.2 and 2g of
agarose (Bio-Rad Laboratories, Hercules, USA), respectively, in 100ml of IX TBE buffer
(Appendix 1.1). The agarose was dissolved using a microwave and lpg/ml ethidium bromide
was added prior to pouring into a horizontal gel tray with an appropriate sized comb. Once set,
the comb is removed, thus forming wells into which the sample was added. Samples were
loaded with an appropriate volume of 6x bromophenol blue loading buffer (Appendix 1.1) in a
final volume between 6 and 18pl. Elecrophoresis was conducted under IX TBE buffer
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containing lpg/ml ethidium bromide under constant voltage (80-150V) depending on the size of
the gel.
2.5.4 Isolation of DNA fragments from agarose gels
PCR products of the appropriate size were purified from 0.7% agarose gels (Thermo Hybaid,
Basingstoke, UK), using the QIAquick gel extraction kit (Qiagen Ltd, West Sussex, UK). In the
QIAquick system, a silica gel membrane column binds DNA in the presence of high salt while
the contaminants pass through. Impurities are washed away and the pure DNA is eluted under
low salt concentration.
Briefly, a gel slice containing the appropriate band was excised and melted at 50°C for
10 min in high salt buffer. The solution was applied to a QIAquick column and centrifuged for 1
min. After washes the DNA was recovered in 30pl of lOmM Tris-HCl buffer.
2.5.5 Quantification of DNA by comparison with known concentrations of
marker DNA
The concentration of DNA fragments was estimated on 2% agarose gels, either by using
different concentrations (ranging from 10ng-500ng) of the Promega lOObp DNA ladder
(Promega Corporation, Madison, USA), or by using 1, 5 and lOpl of the quantification DNA
marker Hyperladder IV (Bioline Ltd, London, UK).
2.5.6 Analysis of plasmid DNA
To excise cloned DNA fragments from plasmid vectors in order to confirm the presence and
size of the insert, 5pl of plasmid DNA was digested using the restriction enzymes Eco RI
(pGEM-T Easy and pCR4Blunt-TOPO) or Bam HI and Apa I (pcDNA3.1/V5-His-TOPO). The
digested DNA was separated by agarose gel electrophoresis using a 2% agarose gel (section
2.5.3) and the fragments visualized under ultraviolet light.
Digestions with Eco RI were performed at 37°C for 30 min in enzyme buffer H
(Promega Corporation, Madison, USA), while digestions with Bam HI and Apa I were
performed at 30°C for 30 min and then at 37°C for another 30 min in enzyme buffer A (Roche
Molecular Biochemicals, Mannheim, Germany).
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2.5.7 Ethanol precipitation of DNA
Plasmid DNA was purified and concentrated using ethanol precipitation. Three M sodium
acetate (Appendix 1.1) was added to the DNA solution to a final concentration of 0.3M along
with 2.5 volumes of absolute ethanol (Fisher Scientific Ltd, Leicestershire, UK) in a conical
based sterile microcentrifuge tube. Following incubation at -20°C for 30 min samples were
centrifuged at lOOOOg for 5 min in a benchtop microcentrifuge and the supernatant removed.
The precipitated DNA was washed with 70% ethanol to remove excess acetate salts and
centrifuged for 1 minute at lOOOOg. Any remaining ethanol was removed by pipette and the
DNA was dried for 5 min at room temperature before being resuspended in the appropriate
volume of sterile distilled water to a final concentration of 0.5pg/pl.
2.5.8 Single stranded conformational polymorphism (SSCP) analysis
SSCP analysis was used to genotype cloned ovine MHC class I exon 2 and 3 fragments. SSCP
analysis is optimal for DNA fragments amplified by PCR of less than 400bp. The PCR product
is denatured and rapidly cooled so that each strand folds into a unique conformation that is
determined by its sequence. The folded fragments are then separated using non denaturing
acrylamide gels (Hayashi and Yandell, 1993) and visualized by silver staining.
Ten pi of each PCR product were mixed with 5pl formamide denaturing solution
(Appendix 1.1), denatured at 94°C for 8 min and immediately cooled on ice for 5 min. Ten pi
were loaded onto a 6% polyacrylamide gel (Appendix 1.1) without glycerol. Electrophoresis
was carried out using a Hoefer SE 600 vertical gel electrophoresis unit (Amersham Biosciences,
Buckinghamshire, UK) with 1XTBE running buffer (Appendix 1.1) for 16h at 14mA at a
constant temperature of 4°C and then for an additional lh at 50mA.
Single strand DNA fragments were detected by silver staining (Ainsworth et al. 1991).
Silver stains because of the reduction of silver ions complexed with DNA under reducing
conditions provided by formaldehyde. The bands were fixed with a solution of 40% ethanol and
10% glacial acetic acid (GAA) for 1 hour, washed twice with 10% ethanol for 15 min and then
three times with distilled water for 15 min. The gel was stained with 0.2% silver nitrate for 30
min and then washed twice with distilled water for 30 sec. The samples were developed with a
solution of 2.5% sodium carbonate and 0.1% formaldehyde and the developing was terminated
with 1% GAA.
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2.5.9 Restriction fragment length polymorphism (RFLP) analysis
Restriction fragment length polymorphism is a method for discriminating between polymorphic
sequences using the patterns of DNA fragments produced following digestion with restriction
enzymes. Specifically, lOpl of each PCR product were digested for 2h at 37°C with Alu I or
Bam HI in enzyme buffer B (Roche Molecular Biochemicals, Mannheim, Germany), or with
each of the enzymes Bam HI and Rsa 1 in enzyme buffer C (Promega Corporation, Madison,
USA).
For Alu I and Bst YI combined digestions, lOpl of each PCR product were initially
digested for 2h at 37°C with restriction enzyme Alu I and then for lh at 60°C with Bst YI in
enzyme buffer B (New England Biolabs, Beverly, USA).
The digested fragments were separated using 2% agarose gels or 6% polyacrylamide
gels (Appendix 1.1) stained with ethidium bromide and visualised under UV light.
2.5.10 Polyacrylamide electrophoresis
Acrylamide/bisacrylamide solution (29:1 ratio) polymerizes in the presence of free radicals
supplied by ammonium persulphate and the catalyst tetramethylethaldiamine (TEMED).
Polyacrylamide has much greater resolving power than most forms of agarose, since it can
discriminate DNA fragments differing in length by a single nucleotide (Sambrook et al. 1989).
Polyacrylamide gels of 5% were used for sequencing, and 6% for RFLP and SSCP analysis
(Appendix 1.1).
2.6 Cloning into plasmid vectors
2.6.1 Vectors
The pGEM-T Easy vector (Promega Corporation, Madison, USA) and the pCR4Biunt-TOPO
vector (Invitrogen Ltd, Paisley, UK) were used for cloning PCR products prior to sequencing
(Appendix 1.3). Mammalian expression constructs were made by cloning into the
pcDNA3. l/V5-His-TOPO plasmid vector (Appendix 1.3).
The pGEM-T Easy plasmid is a 3015bp vector designed to facilitate cloning of PCR
products. The vector contains the lac operator and the lacZ gene for blue/white screening
(section 2.7.3), the phage fl origin of replication and the ampicillin resistance gene for the
selection of transformed colonies. The vector also contains the T7 and SP6 RNA polymerase
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promoter and transcription initiation sites and the Ml3 forward and reverse sequencing primer
binding sites.
The pCR4Blunt-TOPO plasmid is a 3957bp vector designed to facilitate cloning and
sequencing of blunt end PCR products. The vector contains the lac promoter and the ccdB lethal
gene fused to the C-terminus of the LacZa fragment. Ligation of a blunt-end PCR product
disrupts expression of the LacZa-ccdB gene permitting growth of only positive recombinants,
because cells that contain the non-recombinant vector are killed upon plating due to the
expression of the lethal ccdB gene (Bernard and Couturier, 1992; Bernard et al. 1993; 1994).
The vector also contains the puC origin of replication, the ampicillin and kanamycin promoters
and resistance genes for selection of transformed cells and the T3, T7, Ml 3 forward and M13
reverse sequencing priming sites.
The pcDNA3.1/V5-His-TOPO plasmid is a 5.5kb expression vector designed to
facilitate rapid directional cloning of blunt-end PCR products for expression in mammalian
cells. The vector contains the human cytomegalovirus (CMV) enhancer/promoter for high level
constitutive expression of the cloned gene in a wide range of mammalian cells (Boshart et al.
1985; Nelson et al. 1987) and the SV40 early polyadenylation signal for efficient termination of
the transcription and polyadenylation of the transcript (Maxwell et al. 1989). The vector also
contains the V5 epitope, a 14 amino acid epitope derived from the P and V proteins of the
paramyxovirus SV5 (Shouthem et al. 1991), and the C-terminal polyhistidine tag (Lindner et al.
1997) for detection and purification of the recombinant protein. The T7 and BGH priming sites
of the vector can be used for sequencing and the pUC origin allows high copy number
replication in E. coli. Other elements of the vector include the bla promoter and amplicillin
resistance gene for selection in E. coli and the promoter origin of replication and early
polyadenylation signal along with the neomycin resistance gene for selection of stable
transfectants in mammalian cells (Shouthem and Berg, 1982).
2.6.2 TA cloning
TA cloning vectors contain 3'-T overhangs at the insertion site that anneal with 3'-A overhangs
of A-tailed PCR products, produced with Taq polymerase without proofreading activity. T4
DNA ligase then creates a diphosphoesteric bond between the vector and the insert.
Up to 7pl of PCR products (150-300ng) extracted from agarose gels were incubated at
70°C for 30min with 5U Taq polymerase and 0.2mM dATP in a final volume of lOpl. The A-
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tailed PCR products were then ligated into the pGEM T Easy vector according to the
manufacturer instructions. Briefly, one pi of the A tailed product (15-30ng) was mixed with lpl
(50ng) of the vector, 5pl of 2x rapid ligation buffer and lpl (3U) T4 DNA ligase in a final
volume of 1 Opl and incubated overnight at 4°C. The reaction was then placed on ice prior to
transformation of competent E. coli.
2.6.3 Blunt end cloning
Blunt end cloning involves the direct insertion of blunt-end PCR products into a plasmid vector
using the enzyme topoisomerase I from the Vaccinia virus. Topoisomerase I binds to double
stranded DNA at specific sites and cleaves the phosphodiester backbone after 5'-CCCTT in one
strand of the vector (Shuman et al. 1991). The energy from the broken phosphodiester bond is
used in the formation of a covalent bond between the 3' phosphate of the cleaved strand and a
tyrosyl residue of topoisomerase I. The phosphotyrosyl bond between the DNA and the enzyme
is subsequently attacked by the 5'-hydroxyl of the original cleaved strand, reversing the reaction
and releasing topoisomerase (Shuman K. 1994). This way, a PCR product can be quickly cloned
into a vector without post PCR procedures and ligase.
PCR products were cloned into the pCR4Blunt-TOPO or the pcDNA3.1/V5-His-TOPO
vector according to the manufacturer's instructions. Up to 4pl of PCR products were mixed with
lOng of the vector and lpl of salt solution (1.2 M NaCl, 0.06 M MgCl2) in a final volume of 6pl
and incubated for 30 min at room temperature. The reaction was then placed on ice prior to
transformation of competent E. coli.
2.7 Transformation and analysis of transformed E. coli
2.7.1 Competent cells and growth media
For the purposes of this study, high efficient JM109 (Promega Corporation, Madison, USA) and
TOP 10 (Invitrogen Ltd, Paisley, UK) chemically competent E. coli were used to select and
expand recombinant plasmid vestors. Bacteria were cultured in Luria-Bertani (LB) medium
(Appendix 1.2) or on LB agar plates (Appendix 1.2) supplemented with 50pg/ml ampicillin
(Sigma-Aldrich Co. Ltd., Poole, UK).
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2.7.2 Transformation
Bacterial transformation is the process where small pieces of extracellular DNA are taken up
and incorporated into the genetic material of a living competent bacterium (Klug and
Cummings, 2000).
Two pi of each cloned PCR product was added into 50pl of just thawed competent
cells, mixed gently and placed on ice for 20 min. The cells were then heat-shocked for 50 sec at
42°C and immediately placed on ice for 2 min. Room temperature SOC medium (950pl or
250pl; Appendix 1.2) was added into the JM109 or the TOP 10 competent cells, respectively,
and the mixture was incubated for 1.5 hours at 37°C with shaking.
2.7.3 Selection and growth of antibiotic resistant colonies
The transformed cells were spread out onto LB agar plates supplemented with 50pg/ml
ampicillin (Sigma-Aldrich Co. Ltd., Poole, UK), lOOmM isopropyl-P-D-thiogalactopyranoside
(IPTG) (Bioline, London, UK) and 40mg/ml 5-bromo-4chloro-3-indolyl-b-D-galactosidase (X-
Gal, Bioline, London, UK) which allows selection for white and blue colonies depending on the
presence or absence of a cloned insert, respectively.
The blue/white screening is based on interruption of the expression of the Lac Z gene,
because of the insertion of the cloned DNA fragment. The Lac Z gene encodes the p-
galactosidase enzyme, which converts lactose into glucose and galactose. This gene is induced
when the medium contains lactose. Isopropylthiogalactoside (IPTG) is a chemical analogue of
lactose and behaves as a natural inducer, but does not serve as substrate. Instead, a sugar called
X-Gal is hydrolysed by p-galactosidase and produces a blue colour. Therefore, cells (cultured
on LB agar plates with ampicillin/IPTG/X-Gal) without an insert are induced by IPTG to
express the Lac Z gene and produce blue colonies, whereas cells containing an insert interrupt
the expression of Lac Z and produce white colonies (Klug and Cummings, 2000).
2.7.4 Selection of transformed colonies by PCR
White colonies were picked and processed for colony PCR as described by Hawker and
Billadello (1993). Briefly, each colony was picked into lOOpl sterile water, heated at 98°C for 5
min and cooled immediately. Twenty pi of the lysate were mixed with 5pl PCR reaction
mixture (50mM KC1, lOmM Tris-HCl, 1.5mM MgCL, 0,1% TritonX-100, 200pM of each
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dNTP, 200nM of each of the primers and 1 unit Taq polymerase (Promega Corporation,
Madison, USA). The thermal cycling profile comprised an initial denaturation step of 5 min at
94°C, followed by 30 cycles of 1 min at 94°C, 2 min at 55°C and 4 min at 72°C.
2.7.5 Preparation of glycerol stocks
Bacterial clones carrying the DNA fragment of interest were stored as glycerol stocks. Each
colony was picked and cultured overnight under shaking in 5ml LB medium (Appendix 1.2)
with 50pg/ml ampicillin. One ml from the culture was centrifuged at 10000 g for 5 min in a
benchtop microcentrifuge. The pelleted cells were then resuspended in 0.5ml of 75% glycerol in
LB.
2.8 Nucleotide sequence analysis
2.8.1 Sequencing reactions
The basis of nucleotide sequencing is a PCR based extension of a primer annealed to the DNA
template up to the point of termination of the reaction by incorporation of a dideoxy nucleotide
(ddNTP) (Sanger et al. 1977). A ddNTP lacks the hydroxide group necessary for generation of
the phosphodiesteric bond by the DNA polymerase. In the reaction mixture, dNTPs and ddNTPs
are used in a ratio so that all the range of different DNA fragments of up to around 800bp length
are generated. Those fragments are then separated on a polyacrylamide gel.
In this study nucleotide sequencing was performed, using a 377 ABI PRISM DNA
sequencer (Perkin Elmer, USA). Plasmid template DNA (250-500ng) was sequenced with
3.2pmols of primers and reagents from the ABI-PRISM big dye sequencing kit. This system
uses the dideoxy chain termination method with four color fluorescent primers and the DNA
polymerase PS. This enzyme is a variant of Thermus aquaticus (Taq) DNA polymerase that
makes it less discriminating against ddNTPs leading to a more even pick intensity pattern. In
addition, it contains a mutation that eliminates the 5'-3' exonuclease activity. Four separate
reactions are perfonned each one terminated at a different base and primed by a different colour
dye primer. Ovine MHC class I genes inserted in the pGEM-T Easy vector were sequenced with
the T7 and SP6 primers. Class I genes inserted in the pCR4Blunt-TOPO vector were sequenced
with primers M13frw and M13rev and those inserted in pcDNA3.1D/V5-His-TOPO vector were
primed by T7 and BGH. The sequence of each of these primers is shown in table 2.2.
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Forward Primers Reverse Primers
Name 5' Sequence 3 Name 5' Sequence 3
T7 TAATACGACTCACTATAGGG SP6 GATTTAGGTGACACTATAG
M13frw GTAAAACGACGGCCAG M13rev CAGGAAACAGCTATGACC
T7 TAATACGACTCACTATAGGG BGH TAGAAGGCACAGTCGAGG
Table 2.2: Primers used for sequencing
PCR cycling conditions used to generate the DNA fragments for sequence analysis were
30 cycles of 10 sec at 96°C, 5 sec at 50°C and 4 min at 60°C and conducted on the Applied
Biosystems 9700 thermal cycler. The amplified products were precipitated with lpl 3M sodium
acetate and 25pl 95% ethanol. The DNA was resuspended in 2pl of sequence loading dye
(Appendix 1.1) and loaded into 5% polyacrylamide gels containing 6M Urea (Appendix 1.1).
2.8.2 Sequence analysis
The ABI PRISM® 377 DNA Sequencer automatically analyzes DNA molecules labeled with
multiple fluorescent dyes. After samples are loaded onto the system's vertical gel, they undergo
electrophoresis, laser detection, and computer analysis.
Base calling from the raw sequencer output was performed using the sequencer's data
collection and sequence analysis software (Applied Biosystems, USA). The traces of sequences
obtained from both forward and reverse primers were visually checked, assembled and edited if
necessary, using the SeqMan program (DNASTAR, Inc. USA).
2.8.3 Generation of multiple sequence alignments
A multiple alignment algorithm generates a guide tree from a distance matrix. This matrix
contains pairwise distances calculated for all combinations of pairs of sequences used. Each
pairwise alignment is given a score that arises from positive values for identities and negative
values for mismatches and gaps. The sequences are then progressively aligned according to the
branching order of the guide tree (Thomson et al. 1994). Pairwise distances used for the
generation of the guide tree are not corrected for multiple substitutions.
In this thesis, multiple alignments were generated using the Clustal W (Thomson et al.
1994) or the Clustal V method (Higgins and Sharp, 1989) in the DNAStar software program
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MegAlign (DNASTAR, Inc. USA). Clustai W is an advanced version of Clustal V, designed to
generate more accurate alignments from highly diverged sequences. Both methods do not
assume that sequences should be connected by descent. Although MHC class I sequences
analyzed were closely related, Clustal W produced better results compared to Clustal V, in cases
where the lengths of available and obtained sequences varied significantly.
2.8.4 Estimation of sequence distances
When two DNA sequences have derived from a common ancestral sequence, the descendant
sequences gradually diverge by nucleotide substitution. However, the number of different
nucleotides present between two sequences underestimates the actual distances, because it does
not take into account backward and parallel substitutions (Nei and Kumar, 2000). Therefore
several models that calculate sequence distances by correcting for multiple substitutions have
been developed (Jukes and Cantor, 1969; Kimura M. 1980; Tajima and Nei, 1984; Tamura K.
1992; Tamura and Nei, 1993).
It has been observed that transitions and transversion rates differ during evolution and
therefore this difference should be taken into account when calculating sequence distances.
Transitions are nucleotides changes between purines (A—»G or G—»A) or pyrimidines (C—»T or
T—»C), whereas tranversions are changes between a purine and a pyrimidine. In this study,
nucleotide sequence distances were calculated by correcting with the Kimura two parameter
method for multiple substitutions (Kimura M. 1980). This model assumes that the rate of
transitional substitution per site per year (a) is different from that of transvertional substitutions
(2P).
Apart from the different transition and transversion rates, other models that calculate
sequence distances take into consideration the GC content bias because nucleotide frequencies
are rarely equal to each other (Tajima and Nei, 1984; Tamura K. 1992; Tamura and Nei, 1993).
However, if sequences are closely related and their estimated p distances (number of different
nucleotides/total number of nucleotides) are lower than 0.25, as in the case of the analyzed
MHC class I sequences in the current study, such models do not give significantly different
results. In such cases a simple model or calculation of p distances is preferred especially for
construction of phylogenetic trees, because it has a smaller variance (Nei and Kumar, 2000).
In protein coding genes, the first, second and third codon position have different
substitution rates. In particular, it has been suggested that the rate variation at different
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nucleotide sites approximately follows the gamma distribution and sequence distances are better
estimated by the Kimura model for gamma distances (Jin and Nei, 1990). Nevertheless, the
effect of variation of each codon is important only when p distances are greater than 0.2,
because gamma distances have a larger variance (Nei and Kimura, 2000). Since all pairwise p
distances for the analyzed sequences in this study were <0.2, genetic distances were calculated
by the Kimura two parameter model, without corrections for gamma distribution.
Aminoacid sequence distances were calculated by the Poisson correction distance (Nei
and Kumar, 2000). This model calculates amino acid distances based on the assumption that the
rate of amino acid substitution per year at a particular amino acid site is the same for all sites.
Practically, this estimation is good unless p (number of amino acid differences/total number of
amino acids) is higher than 0.3. Since all amino acid pairwise p distances for the sequences
analyzed in this study were smaller or very close to 0.3, the Poisson correction (PC) distance
was a good estimate to use.
All distances were calculated using the Molecular Evolutionary Genetics Analysis
software (Kumar et al. 2001; MEGA2.1 Arizona State University, Tempe, Arizona, USA).
2.8.5 Phylogenetic analysis
Phylogenetic trees were constructed using the Neighbor Joining (NJ) method developed by
Saitou and Nei (1987). NJ is a simplified minimum evolution method, where instead of
calculating the sums of all branch lengths for all possible topologies to choose the smallest, the
sums are calculated at each stage of taxon clustering. The NJ method sequentially identifies
neighbor pairs that minimize the total length of the tree. Genetic distances calculated for the
construction of phylogenetic trees were calculated either by the Kimura two parameter method
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2.9.2 Preparation of peripheral blood mononuclear cells (PBMC)
Preparation of PBMC was conducted using a standard Ficoll-Hypaque (Pharmacia, Uppsala,
Sweden) separation method (Boyum A. 1968). Ficoll-Hypaque is a sterile density gradient
medium for purifying lymphocytes in high yield and purity from small or large volumes of
human peripheral blood using a simple and rapid centrifugation procedure. This method was
slightly modified for sheep PBMC.
Twenty ml of peripheral blood were collected in vacutainers with lOU/ml sodium
heparin and centrifuged at lOOOg for 15 min in a Sorvall RT7 plus table top refrigerated
centrifuge at 4°C (GMI, Inc. Minnesota, USA). The buffy coat was recovered and suspended in
20ml phosphate buffer saline (PBS; Appendix 1.4) supplemented with lOU/ml sodium heparin
and the mixture was layered over 20ml Ficoll-Hypaque (2 sets of 10ml) and centrifuged at 650g
for 25 min at room temperature. The transparent interphase band containing the mononuclear
cells was recovered and washed three times with 10ml of PBS-heparin. Each wash was followed
by a centrifugation at 350g for 10 min. All centrifugations were conducted at room temperature.
Cells were counted using an Olympus CK40-F200 light microscope (Olympus optical ltd,
Japan), using a haemocytometer (section 2.9.4) and the volume was then adjusted to 1 or 2><106
cells/ml with PBS. Cells were either used immediately or stored at -70°C. For storage, the cells
were centrifuged at 350g for 10 min and the PBS was removed. PBMC were then lysed in 600pl
RNA stabilization Reagent RNAlater (RLT; Qiagen Ltd, West Sussex, UK) and kept at -70°C
until used.
2.9.3 Cell counting
Mammmalian cells were counted using an improved Neubauer haemocytometer (Hawksley,
London, UK), after mixture with an equal volume of 0.05% nigrosine which allows
discrimination between live and dead cells (BDH Laboratory Supplies, Poole, UK). The
haemocytometer is a glass microscope slide with a 5x5 grid engraved into it. When a glass
coverslip is positioned, a predetermined volume lies over the grid. This allows the number of
cells within the defined volume to be determined using a microscope. By taking any dilution
factor into consideration, the number of cells per ml can be determined.
2.9.4 COS-7 cells
The monkey fibroblast cell line COS-7, (provided by Dr. K. Ballingall, Moredun Research
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Institute, Edinburgh, UK) was used for transient expression of ovine MHC class I genes. These
kidney fibroblast cells originated from the African green monkey Cercopithecus aethiops by
transformation with an origin defective mutant of simian virus SV40. COS cells carry a stably
integrated portion of the SV40 genome that enables it to produce, the wild-type T protein
(Gluzman Y. 1981). This protein triggers extrachromosomal replication of the virus by binding
to its origin of replication. The plasmid vector pcDNA3.1/V5-His-TOPO (Appendix 1.2) carries
the SV40 origin of replication allowing it to be replicated to high copy number after transfection
into COS cells.
COS-7 cells were cultured in complete Iscove's Modified Dulbecco's Medium (IMDM;
Sigma-Aldrich Co. Ltd., Poole, UK; Appendix 1.4), supplemented with 10% heat-inactivated
foetal bovine serum (FBS; Egg Technologies, Brunswick, UK), lOOU/ml penicillin, lOOpg/ml
streptomycin and 1.46% glutamine (Appendix 1.4). Cells were maintained either in T25 or T75
cm2 tissue culture flasks (costar, Corning Incorporated, Corning, USA) at 37°C under 5% CO2
in a humidified incubator (Jouan incubator, Thermo Electron Corporation, Witchford, UK).
2.9.5 COS cell passage
COS-7 cells were passaged using a 1:5 split ratio just prior to confluence. Since COS-7 cells are
adherent, after removal of the medium, the cells were washed three times with 10ml PBS
(Appendix 1.4) pre-warmed to 37°C. The PBS was removed and 2.5ml of room temperature
trypsin/versene solution (Appendix 1.4) was added. The flasks were incubated for 2 min at 37°C
and the adherent cells removed by a sharp tap followed by the addition of 3.5ml of complete
IMDM (Appendix 1.4). Two ml from the flask were then transferred into a new flask containing
8ml of complete IMDM medium (Appendix 1.4) pre-warmed at 37°C.
2.9.6 Retrieval of COS-7 cells from liquid nitrogen storage
A vial of COS-7 cells was removed from liquid nitrogen storage and defrosted in a waterbath at
37°C until just thawed. The cells were then transferred to a centrifuge tube and 10ml of chilled
complete medium was added and mixed gently. After centrifugation for 5min at 350g at 4°C in
a Sorvall RT7 plus table top refrigerated centrifuge (GMI, Inc. Minnesota, USA), the
supernatant was removed and the cells were resuspended in 10ml complete IMDM medium
wanned to 37°C and transferred to a 75cm2 sterile tissue culture flask (costar, Corning
Incorporated, Corning, USA).
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2.9.7 Cell cryopreservation
For long term storage COS cells were frozen under liquid nitrogen. Cells were removed from
the tissue culture flasks as described in section 2.9.5, centrifuged at 350g for 10 min at 4°C and
resuspended in 0.5ml FBS at a concentration of 0.5x106ml. Half ml of 20% DMSO in FBS
(Appendix 1.4) was added dropwise and the mixture was transferred to a 1.5ml cryopreservation
tube. The tube was then placed in a freezing container insulated with isopropanol and stored at -
70°C for 24 hours prior to long term storage in liquid nitrogen.
2.10 Gene transfer and expression analysis
2.10.1 Transfection
Ovine MHC class I genes cloned into the pcDNA3.1/V5-His-TOPO plasmid vector were
transferred into COS-7 cells by transfection using the diethylaminoethyl (DEAE) -Dextran
method (Sambrook et al. 1989). Dextran is a carbohydrate polymer and DEAE is a positively
charged chemical group attached to the polymer. The DNA binds to the positively charged
DEAE-dextran via its negatively charged phosphate groups and the polymer particles stick to
the cell surface. The DNA/Dextran complex is taken up by the cell, and although some DNA is
likely to be destroyed in the cytoplasm, a percentage enters the nucleus. DEAE-Dextran is the
transfection method of choice for transient expression in COS cells, because it requires only
small amounts of DNA and the toxicity of the polymer is not an issue, as cells are not kept for
long periods (Sambrook et al. 1989).
A semiconfluent T75cm2 flask of COS-7 cells grown in complete IMDM medium
(Appendix 1.4) was divided into two T75cm: flasks (section 2.9.8), the day prior to transfection.
On the day of transfection, the COS-7 cells were removed from the flasks using trypsin/versene
solution, as described in section 2.9.8. Cells were pelleted by centrifugation at 350g for 5 min at
room temperature in a final volume of 25ml complete IMDM medium prewarmed at 37°C. The
pelleted cells were counted and resuspended in 15ml Tris-RPMI medium (Sigma-Aldrich Co.
Ltd., Poole, UK; Appendix 1.4) at a concentration of 5x10s cells per ml.
Seventy five pi of lmg/ml DEAE-Dextran (Sigma-Aldrich Co. Ltd., Poole, UK) was
added to 1ml of Tris-RPMI and the Dextran/Tris-RPMI mixture was then added to lOpg of
plasmid DNA dropwise with constant agitation. The DNA/Dextran/RPMI mixture was mixed
with the 1ml of cells and incubated at 37°C for 2-4 hours with occasional inversion. The cells
were then washed with 10ml Tris-RPMI, resuspended in 2ml complete IMDM medium
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prewarmed to 37°C, plated out into one well of a 6 well plate and incubated for 48-72h at 37°C.
After incubation, the cells were removed from the wells and analyzed for MHC class 1 surface
expression by indirect immunoflorescence (section 2.10.2).
2.10.2 Indirect immunofluorescence
An indirect immunofluorescent technique was used to detect ovine MHC class I molecules
expressed on the surfaces of transfected cells. Ovine MHC class I molecules expressed on the
surface of COS-7 cells were detected using the murine monoclonal antibody IL-A88, which
recognizes a common monomorphic determinant found on bovine and ovine MHC class I
molecules (Toye et al. 1990; Chai Z. 2005). Monoclonal antibody IL-A88 binding was detected
using a second stage, goat anti-mouse immunoglobulin conjugated to the fluorochrome Alexa
fluor 488 (goat-anti-mouse IgG; Alexa fluor 488, Molecular probes). Fluorescent labeling of
transfected COS cells was analysed by flow cytometry.
Following transfection, the medium from each well of the 6 well plate described in
section 2.10.1 was decanted and the cells were removed using trypsin versene solution, as
described in section 2.9.8, Cells were transferred to 15ml tubes and washed in 6ml RPMI
medium containing 10% FBS to inactivate the trypsin (Sigma-Aldrich Co. Ltd., Poole, UK).
The cells were centrifuged at 350g for 5 min at 4°C, the supernatant removed and the pellet
washed with FACS buffer (Appendix 1.4). The cells were then resuspenced in 200pl FACS
buffer and transferred to a single well of a 96 well rounded bottomed plate and centrifuged at
600g for 30 sec. The pellet was washed twice with 200pl FACS buffer and resuspended in 50pl
FACS buffer. The cells were then labeled for 40 min at 4°C with 50pl of IL-A88 antibody
diluted 1:500 in FACS solution (Appendix 1.4). Cells were washed 3 times with FACS buffer,
resuspended in 50pl FACS buffer and labeled for 30 min at 4°C with 50pl of a 1:500 dilution of
goat anti-mouse IgG (Appendix 1.4). After a further three washes, cells were transferred into
FACS analysis tubes in a final volume of 400pl FACS buffer.
2.10.3 Flow cytometry
Cells expressing ovine MHC class I molecules were identified by flow cytometry using a
FACSCalibur (Becton Dickinson, Rockville, USA). The flow cytometer utilizes an argon-ion
laser beam, through which a single cell suspension is directed. As cells pass through the beam,
the scattered light is detected and converted electronically into a number of parameters for each
cell. These include the cell size arising from the forward light scatter (FSC), the intracellular
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granularity from the side or 90°C scatter and the fluorescence emitted by the fluorochrome
attached to the monoclonal antibody. The information accumulated by the instrument is
analyzed using the software, the BD FACSCalibur data management system, and the data are
displayed graphically in the fonn of histograms using the cell quest software.
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Chapter 3. Identification of transcribed ovine MHC class
i genes
3.1 Introduction
In most mammals, the Major Histocompatibility Complex (MHC) consists of three linked gene
clusters containing class I, II and III genes (Kulski et al. 2002). Class I genes are classified into
classical (class la) and non classical (class lb) depending on their function, expression and level
of polymorphism (Braud et al. 1999). Classical MHC class 1 genes are extremely polymorphic
and encode highly expressed cell surface glycoproteins that initiate immune responses by
presenting processed antigenic peptides to CD8+ T cells (Harty et al. 2000). These molecules
also present self peptides to T lymphocytes during thymus development, thus determining an
individual's T cell repertoire (Sebzda et al. 1999). The allelic polymorphism associated with
classical MHC class I genes is located principally in exons 2 and 3. These exons code for the
peptide binding region (PBR) (Brown et al. 1993) where the repertoire of bound peptides is
determined (Bjorkman et al. 1987). MHC polymorphism has been shown to be associated with a
range of responses to infectious disease (Hill et al. 1991; Messaoudi et al. 2002) and vaccination
(Eckels D. 2000), which may be explained by subtle changes in the repertoire of peptides
presented to T cells by different MHC molecules.
Ovine MHC class I allelic and haplotype diversity has been studied largely by serology
(Millot P., 1978; Stear and Spooner, 1981; Cullen et al. 1985; Outteridge et al. 1988; Garrido et
al. 1995; Jugo and Vicario, 2001; Jugo et al. 2002; Jugo et al. 2004). However, isoelectric
focusing (IEF) studies indicated that serology underestimated the degree of diversity in sheep
(Jugo et al. 2002). Antigens not previously defined by serology were identified by IEF and three
serological specificities were subdivided by biochemical typing. DNA studies are expected to
reveal even greater complexity. At the outset of this study, only limited information on the
ovine MHC class I region was available at the DNA level (Chardon et al. 1985; Grossberger et
al. 1990) with only a single full length cDNA sequence (accession number: M34676;
Grossberger et al. 1990), 10 partial cDNA sequences (accn No M34672-M34675, U030092-
U030094 AY 188824-AY188826) and 13 exon 3 fragments (U25998 to U26010) in public
databases.
The work described in this chapter aimed to identify the number of ovine MHC class I
sequences transcribed in two Blackface rams and estimate their level of transcription using
reverse transcription-polymerase chain reaction (RT-PCR), cloning, polymerase chain reaction-
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single stranded confonnational polymorphism (PCR-SSCP) and sequence analysis. The work
represents the first step towards the establishment of an MHC defined resource sheep flock
incorporating animals of defined MHC haplotypes for functional and disease association
studies.
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3.2 Materials and methods
3.2.1 Animals and preparation of nucleic acid
Peripheral blood samples were obtained from two Blackface rams, 501 and 504, as described in
section 2.9.2. Immediately after preparation of peripheral blood mononuclear cell (PBMC),




Amplification of the greater part of exons 2 and 3 of ovine MHC class I genes, which encodes
the peptide binding region, was performed using three different pairs of primers (A and Ar, B
and Br, C and Cr, Fig. 3.1, Table 3.1). Primer A is the previously described Bov7 (Ellis et al.
1999); the remaining primers were designed on the basis of all known class I sequences for
sheep and cattle, taking into account the HLA and DLA class 1 sequences (Fig. 3.2).
Specifically, primers B and C were designed in the same area as primer A, because it is well
conserved in different species (Fig. 3.2). Primers B and C were based on the same area targeted
by primer A, but were used instead of A, because they provided a better match (3' end
complementarity and Tm) with their corresponding reverse primers. The primer Ar is as
described for Bovl 1 (Pichowski et al. 1996) but with a degenerate nucleotide (C/T) at the third
base from the 3'-end to suit the known sheep sequences better. The primer Br is generally
conserved among different species (including human, non human primates, pig, cattle, sheep
and mice), with over 600 identical class I sequences found by BLAST search (Karlin and
Altschul, 1990; 1993), but it does not include all of exon 3. Primer Cr lies in a slightly more
polymorphic area, but amplifies the entire exon 3 (Fig. 3.1, 3.2).
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Forward Primers
Name 5' Sequence 3'
Reverse Primers










Table 3.1: Primers used in this chapter. Nucleotide ambiguity codes recommended by IUPAC-IUB
Biochemical Nomenclature Commission are used in degenerate primers.
-exon 1 >
1 CCCATGACCAGAGGATTGCGAGTAATGGGGCCGCGAACCCTCCTGTTGCTGCTCTCGGGAGTCCTGGTCCTGACCGAGAT 8 0
-exon 2 >
81 CCGGGCGGGCCCCCACTCCATGAGGTATTTCAGCACCGCCGTGTCCCGCGCCGGCGCCGGGGAGCCCCGGTACCTGGAAG 160















Figure 3.1: Ovine class I MHC sequence (M34676, Grossberger et al. 1990) showing exons 1 to 4 and
the position of primers A and Ar, B and Br and C and Cr. Primers A and Ar are in italics, B and Br
underlined and C and Cr in bold. The first three bases of each exon are in bold.
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Species Ref Class I No
Human A HLA-A 202
HLA-B 412
HLA-Cw 107
Cattle B BoLA* 27
Sheep C OLA 4
Dog D DLA-88 48
Species Ref Class I No
Human A HLA-A 201
HLA-B 416
HLA-Cw 107
Cattle B BoLA 27
Sheep C OLA 16
Dog D DLA-88






























Figure 3.2: Strategy for design of primers for amplification of ovine MHC class I cDNAs. Forward
primer direction is from 5' to 3', whereas the complement sequence of each reverse primer is shown.
Degenerate primer nucleotides and polymorphic sites on the alignments are shown using the appropriate
IUPAC nomenclature code (Table 1; Appendix). Ref stands for references obtained from A:
http://sdmc.krdl.org.sg:8080/fnnm/, B: http://www.projects.roslin.ac.uk/bola/ except from the K.N104
African cattle sequence, C: published ovine MHC class I sequences (see section 3.1), D:
http://www.ebi.ac.uk/ipd/mhc/dla/index.html. No represents the number of sequences aligned and dashes
represent the nucleotides that are identical to the primer sequence. Polymorphic sites in red and blue show
that the different nucleotide from the primer sequence is represented by only one or two sequences,
respectively. Primers A and Ar are in italics, B and Br underlined and C and Cr in bold.
3.2.2.2 PCR optimization
Optimization of the PCR reaction conditions was conducted with primers A and Ar using
annealing temperatures of 50°C and 55°C, with annealing times of 30 sec and 1 min and 1, 2, 4
and 8pl of cDNA template. These PCR reactions were performed for either 30 or 35 cycles as
otherwise described in section 3.2.2.3. PCR optimization with primers B-Br and C-Cr was not
necessary since the optimized protocol used for primers A and Ar proved appropriate.
3.2.2.3 Optimized PCR protocol
PCR reactions were carried out in a final volume of 50pl containing 48 or 49pl PCR master mix
(50mM KC1, lOmM Tris-HCl, 1.5mM MgCl2, 0.1% TritonX-100, 200pM of each dNTP,
200nM of each primer and 1 unit Taq polymerase (Promega Corporation, Madison, USA)) and
2 or lpl cDNA. The thermal cycling profile comprised initial denaturation for 5 min at 94°C; 35
cycles of 1 min at 94°C, 1 min at 50°C and 1 min at 68°C, and final extension for 7 min at
68°C.
56
Chapter 3. Identification of transcribed ovine MHC class I genes
Messenger RNA incubated as otherwise described in section 2.4.2, but without reverse
transcriptase was amplified with all primer pairs described in section 3.2.2.1, as did controls
ensuring that the PCR products were not a result of genomic DNA contamination.
3.2.3 Cloning of PCR products and transformation
PCR products of the appropriate size were excised from 0.7% agarose gels, as described in
chapter 2.5.4 and cloned into the pGEM T Easy vector (Promega Corporation, Madison, USA,
see Appendix 1), as described in section 2.6.2. The cloned PCR products were then used to
transform Promega JM109 high efficiency competent cells, as described in section 2.7.2. The
transfonned cells were selected on the basis of antibiotic resistance and beta galactosidase
deficiency as described in section 2.7.3.
3.2.4 Selection of transformed cells by PCR
White colonies were picked and processed for colony PCR with primers B and Br, as described
in section 2.7.4.
3.2.5 SSCP analyses
The colony PCR products of the clones containing ovine MHC class I exons 2 and 3 were
screened to identify different sequences, using Single Strand Conformational Polymorphism
(SSCP) analysis as described by Ainsworth et al. (1991), with slight modifications, described in
section 2.5.8. Although the ovine MHC class I genes were amplified from cDNA with three
different primer pairs (section 3.2.2.1), SSCP analysis was performed on amplification
fragments of the cloned genes produced with the same primer pair (B-Br) to ensure the
comparatability of the single stranded patterns. In total, 180 clones for each animal (60 clones
per primer pair) were screened by SSCP.
3.2.6 Sequence analysis
One to 10 replicates of clones with different SSCP patterns were picked for sequencing. Plasmid
DNA was recovered and analyzed as described in section 2.3.3 and 2.5.6. Sequencing reactions
and analysis were performed, as described in section 2.8. The sequenced clones of interest were
stored in glycerol stocks (section 2.7.5).
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A range of annealing temperatures, template concentrations and cycle numbers were tested to
optimize the PCR cycling conditions for the chosen primers. No PCR products were obtained
from reactions with 30 cycles and an annealing temperature of 55°C; decreasing the annealing
temperature to 50°C resulted in only limited amplification. However, the yield of the PCR
products at 50°C annealing temperature was improved by increasing the number of cycles to 35
(Fig. 3.3). Increasing the annealing time from 30 sec to 1 min further increased the yield (Fig.
3.4). In contrast, increasing the amount of cDNA used in PCR reactions above 4pl decreased the





Figure 3.3: Agarose gel showing the products obtained following 35 cycles of PCR using primers A and
Ar, lpl of cDNA template from rams 501 and 504 and an annealing temperature of 50°C. The lOObp
DNA ladder contains fragments from lOObp to lOOObp and an additional band at 1500bp.
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Figure 3.4: Agarose gel showing PCR products amplified from 2, 4 and 8pl of cDNA template derived
from rams 501 and 504.
3.3.1.2 PCR products from optimized protocol
Using the optimized PCR protocol described in section 3.2.2.3, a specific band of the
appropriate size (Table 3.2) was obtained from cDNA samples prepared from both rams using
all three primer pairs (Fig. 3.5 and 3.6). The reverse transcription (RT) control shows that the
amplified products were not a result of genomic DNA contamination. Prior to cloning, PCR
products were gel purified to remove any high or low molecular weight contaminants.
Representative gel purified PCR products are presented in figures 3.5 and 3.6.




Table 3.2: PCR product sizes amplified by each primer pair.
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Figure 3.5: Agarose gel showing PCR products amplified using primers A and Ar from either 1 or 2pl of
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Figure 3.6: Agarose gel showing PCR products amplified from cDNA prepared from rams 501 and 504
using primers B-Br and C-Cr before (A) and after gel purification (B). The RT ctr controls for genomic
DNA amplification.
3.3.2 Cloning and selection of recombinants by PCR
Purified PCR products from cDNA derived from both rams were amplified using all three sets
of primers and cloned into the pGEM T-easy vector.
Approximately 200 white colonies were screened by colony PCR using primers B and
Br (Fig. 3.7). For each ram cDNA, 60 positive clones obtained from each primer pair were
chosen for SSCP analysis to identify candidates for sequencing.
60
Chapter 3. Identification of transcribed ovine MHC class I genes
Figure 3.7: Agarose electrophoresis of colony PCR products of clones containing MHC class I exons 2
and 3 products.
3.3.3 SSCP analysis
SSCP analysis ofA-Ar amplicons using the B-Br primers revealed two distinct patterns for each
ram, whereas B-Br and C-Cr amplicons yielded four additional patterns for ram 501 and six
additional patterns for ram 504 (Fig. 3.8). The number of clones arising from each primer pair
that corresponds to individual SSCP patterns for the two rams is shown in table 3.3. These were
derived by comparison of SSCP patterns on the same polyacrylamide gel and subsequent
sequencing of at least one sample from each pattern.
D5 D3 CI E2 C6 Cll F8 F12 H10 F9 F7 G6 G12 E9
Figure 3.8: SSCP patterns obtained for ram 501 (first six lanes) and ram 504 (eight last lanes).
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501 SSCP patterns D5 D3 C7 E2 Cll C6 Hybrids
A-Ar 30 27 0 0 0 0 3
B-Br 14 18 7 11 4 1 5
C-Cr 18 17 12 7 1 2 3
total 62 62 19 18 5 3 11
504 SSCP patterns F8 F12 H10 F9 F7 G6 G12 E9 Hybrids
A-Ar 32 25 0 0 0 0 0 0 3
B-Br 20 33 0 1 1 0 0 3 2
C-Cr 27 12 8 9 0 2 1 0 1
total 79 70 8 10 1 2 1 3 6
Table 3.3: Number of clones identified for each SSCP pattern per primer pair used for cloning. Hybrids
were clones having a different SSCP pattern, but sequencing showed that they consisted of a combination
of two other alleles. The names of the patterns correspond to the names of the clones sequenced (Fig. 3.9
and 3.10).
3.3.4 Sequencing of different clones identified by SSCP
Sequencing confirmed that the cloned products were ovine MHC class 1 genes. Up to ten
replicates corresponding to each SSCP pattern were sequenced and identical sequences were
associated with each pattern. Six distinct class I sequences were obtained for ram 501 and 8 for
ram 504 for part of exons 2 and 3 (Fig. 3.9 and 3.10). An alignment of their predicted amino
acid sequences is shown in figure 3.11. All sequences identified were new, except for part of the
D5 sequence, which is identical to the database entry with accession number U26002. However,
the length of this entry is only around 200bp and therefore it is possible that it is not identical to
D5 throughout its length.
Some primer pairs did not detect all sequences identified from both rams. In particular,
the primer pair A-Ar amplified only sequences D5 and D3 from ram 501 and F8 and F12 from
ram 504, whereas each primer pair B-Br and C-Cr also amplified four additional sequences
from 501 and three or four from 504, respectively (Table 3.3). Furthermore, although all six 501
class I sequences were identified by both primer pairs B-Br and C-Cr, some 504 sequences were
not picked by primers B-Br, but were identified by C-Cr and vice versa (Table 3.3).
Additionally, marked variation was observed in the efficiency with which individual
sequences were amplified by each primer pair. Each of the sequences D5, D3, F8 and F12 were
represented in more than 60 clones and sequences C7, E2, H10 and F9 were found in around 10-
20 clones each. The remaining sequences were represented in a low number of clones (1-5).
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<-- primer Br- <
375 * 395 * 415 435 * 455 *
CCTGAACGAGGACCTGCGCTCCTGGACCGCGGCGGACACGGCGGCTCAGATCACCCAGCGCAAGTGGGAGAAGGAGGGTGTTGCGGAGAGACACAGGAAC 400
G TT. . .A. . .
C G T..A TA A C.C. TGTG. . . . T .
T..A...A...TGCT.T.GT. .CA. . ..C TCACT
. T T T..A ATT . . . GC . . CA G G . G
TG T . . A ATT . . . GCT . CA. . . . G G
-->
-primer Ar- < primer Cr-
475 * 495 * 515 * 535 * 555
TACCTGGAGGGCACGTGCGTGGAGTGGCTCCGCAGACACCTGGAGAACGGGAAGGACACGCTGCTGCGCGCAGACCCTCCAAAGGCACATGTGACCCAT 499
. T . T .








Figure 3.9: Alignment of ovine MHC class I sequences obtained with primer pairs A-Ar, B-Br and C-Cr
for ram 501. Primers A and Ar are in italics, B and Br underlined and C and Cr in bold. The first three
nucleotides of each exon are in bold. Identities are indicated by dots (.)• The numbering of nucleotides is
based on the full length class I sequence M34676 (Grossberger et al. 1990).
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-primers A, B, C >
75 * 95 115 * 135 * 155
CGGCTACGrGGACGACACGCAGTTCGTGCGGTTCGACAGCGACACCCCGGATCCGAGAATGGAGCCGCGGGCGCGGTGGGTGGAGCAGGAGGGACCGGAG 100
__ G. . .G G G
-exon 3 >
175 * 195 * 215 * 235 * 255
TATTGGGATCGGGAAACTCGAAACATGAAGGACGCCACACAGCGTTTCCGAGCGAACCTGAACACCCTGCGCGGCTACTACAACCAGAGCGAGGCCGGGT 200
G. . G GGGCC G. AA. GG A T. GG C . . T
A...G..G. AGGGA. CT G AC
A...G..G... TTAGCC G AC GCA. T
GA. . . G . . G . . G. TAGCC G. . T AC
GGA. ATG . . A . . . G.TGCC . . . A . A. . TCA....A.A..G...T. AGG.T A T.T G T..
T.A.C..G..G.GA.C G AC A 198
A...G..G. AGGGA. CT A. TG. . . T . AC A
275 * 295 * 315 * 335 * 355
CTCACACCCTCCAGTGGATGTACGGCTGTGATGTGGGGCCGGACGGGCGCCTCCTCCGCGGGTACAGGCAGGACGCCTACGACGGCAGAGATTACATCGC 300
TGG C..C T T..T....T...G
T C..C TT T..T....T...G G
G GA C. .C TT.T TGA C...G C
AAT . . . C . . T GC T T . . T TT . . G
TC G . ..TT.C. ..C.TC AT. T AC T TGCG T.
G GA C..C T T...T...G T 298
GAA T C..C T T..T TGAT . . . TT G
-exon 4-
< primer Br- <
375 * 395 * 415 * 435 * 455 *
CCTGAACGAGGACCTGCGCTCCTGGACCGCGGCGGACACGGCGGCTCAGATCACCAAGCGCAAGTGGGAGAAGGAAGGTGCGGCGGAGGCAGAAAGGAAC 400
G C CCACT.C
T A . . . TGCT . T . GT . . C T TCACT . C
A GC . . C A AG . C . C
G C GC . TT T A. C
A A.TCTCC. . . .A. . .A. . . TTCC . GC
318
-->
-primer Ar- < primer Cr-
475 * 495 * 515 * 535 * 555
TACCTGGAGGGCCTGTGCGTGGAGGGGCTCCGCAGATACCTGGAGATCGGGAAGGACACGCTGCTGCGCGCAGACCCTCCAAAGGCACATGTGACCCAT 4 99
AC T G A
GA T C C
GA A C C A
AA. . . T . . . A . CTT C A A. .A
AA C..T A .... C C...A G
318
Figure 3.10: Alignment of ovine MHC class I sequences obtained with primer pairs A-Ar, B-Br and C-Cr
for ram 504. Primers A and Ar are in italics, B and Br underlined and C and Cr in bold. The first three
nucleotides of each exon are in bold. Identities and gaps are indicated by dots (.) and dashes (-),
respectively. The numbering of nucleotides is based on the full length class I sequence M34676
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C6 [0.015 [0.016 [0.016 [0.015 0.052 0.096 0 .124 0.087 0 .092 0.076 0.115 0.207 0.098
Cll
][0.016 ][0.018 ][0.016 ][0.016 [0.010 0 .122 0.134 0.115 0.096 0.083 0 .129 0.218 0.120
F8
][0.015 ][0.016 ][0.016 ][0.016 ][0.015 [0.017 0.108 0.108 0 .115 0.091 0.134 0.187 0.128
F12 ][0.012 ][0.017 ][0.016 ][0.016 ][0.017 ][0.018 [0.016 0.110 0 .134 0.116 0.144 0.194 0.146
HI0
][0.015 ][0.018 ][0.016 ][0.010 ][0.014 ][0.016 ][0.016 [0.016 0.108 0.069 0.122 0.202 0.076
F9
][0.014 ][0.015 ][0.016 ][0.016 ][0.014 ][0.015 ][0.016 ][0.018 [0.016 0.087 0.132 0.202 0.087
F7
][0.018 ][0.019 ][0.020 ][0.018 ][0.016 ][0.017 ][0.018 ][0.020 ][0.015 [0.017 0.105 0.227 0.080
G6 [0.017 [0.020 [0.019 [0.018 [0.016 [0.017 [0.018 [0.018 [0.017 [0.018 [0.019 0.216 0.127
G12 [0.022 [0.025 [0.024 [0.023 [0.023 [0.023 [0.022 [0.022 [0.023 [0.023 [0.030 [0.024 0.246
E9 [0.022 [0.020 [0.018 [0.021 [0.018 [0.021 [0.022 [0.023 [0.016 [0.017 [0.017 [0.022 [0.032
Table3.4:Nucleotides quencedistanc svariancesc lc at dbythKim ra2p am t ro l,usingMEGA1.Sequedist ncrp t dbe w diagonal,whereasth irvariancears wnb vi gonal.Tlo ststh g light dneedlar stdi ta ey llow. D5D3C7E2C6CllF8 D5[0.029][0.037][0.039][0.035][0.039[0.033 D30.128[0.038][0.044][0.034][0.042[0.030 C70 .2070.214[0.040][0.037][0.039[0.035 E20.2220.2760.237[0.037][0.041[0.040 C60.1850 .1780.2070.207[0.024[0.031 Cll0 .2290.2600.2290.2440.C88[0.039 F80.1630 .1420.1850.2370.1490.222 F120.1490.2140.2520.2520.2370.2600.192 H100.2070.2440.2220.0820.1490.2220.192 F90.1850.1920 .2220 .2220.1630.1700.199 F70.1650.1320.1880.1770.1210.1650.143 G60.2290.2440 .3080.3000.2070.2680 .229 G120.3080.3500.3760.3930.3240.3670.284 E90 .2230 .1650 .1540.2000.1540 .2230.154F12 ][0.031 ][0.038 ][0.042 ][0.042 ][0.040 ][0.042 [0.036 0.237 0.276 0.223 0.284 0.333 0.285H10 [0.037 [0.041 [0.039 [0.023 [0.031 [0.039 [0.036 [0.040 0.207 0.132 0.260 0.358 0.121F9 ][0.035 ][0.036 ][0.039 ][0.039 ][0.033 ][0.033 ][0.036 ][0.044 [0.037 0.143 0.268 0.333 0.165
F7
][0.041 ][0.037 1[0.044 ][0.043 ][0.035 ][0.041 ][0.038 ][0.049 ][0.037 [0.038 0.211 0.350 0 .132
G6 [0.039 [0.041 [0.047 [0.046 [0.037 [0.043 [0.039 [0.044 [0.042 [0.043 [0.047 0.324 0.235
G12 [0.047 [0.050 [0.052 [0.054 [0.048 [0.052 [0.044 [0.049 [0.051 [0.049 [0.063 [0.048 0.420
E9 [0.049 [0.041 [0.040 [0.046 [0.040 [0.049 [0.040 [0.056 [0.035 [0.041 [0.037 [0.050 [0.070
Table3.5:Aminociddistanc svariancesc l u at dbythPoissoncorre tion,u i gMEGA2.1.ii t cpres n edbe owtdi g al whereasth irvariancearshownb vdiagonal.Tlo stisth g lighteding dlar styellow.
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3.3.5 Sequence analysis
One hundred and seventy eight polymorphic sites were identified within the 499 nucleotides
(35.7%) of the largest amplified fragment (Fig. 3.9 and 3.10). This translates into variation at 76
of 166 amino acid sites (45.8%) (Fig. 3.11). When genetic distances were estimated, sequences
were between 4.6% to 23.5% different at the nucleotide level (Table 3.4) and 8.2% to 39.3%
different at the aminoacid level (Table 3.5), with sequences G12 and G6 showing the greatest
divergence from the other sequences (Tables 3.4 and 3.5).
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3.4 Discussion
In this chapter, the polymorphic and polygenic nature of the ovine MHC class I region was
studied by SSCP and sequence analysis of the peptide binding region (PBR). Six distinct
patterns were identified from ram 501 and eight were obtained from ram 504, each
corresponding to a single sequence. Comparison of the 14 ovine MHC class I sequences
identified in the work described in this chapter with those previously published in public
databases showed that all were novel.
3.4.1 Genotyping method for identification of ovine MHC class I
transcripts
SSCP and sequence analysis of exons 2 and 3 was chosen as an efficient and cost effective
means of identifying class I sequences. SSCP was used as a sensitive low cost genotyping
method of screening large numbers of clones prior to sequencing. This method allows the
detection of single base polymorphisms in short DNA fragments due to the mobility of single
stranded DNA molecules, without the need for prior sequence knowledge (Orita et al. 1989).
For that reason, SSCP was a useful tool for the identification of new ovine MHC class II genes
(van Oorshot et al. 1994; Kostia et al. 1998; Snibson et al. 1998; Jugo and Vicario, 2000). As
there is limited sequence information available for ovine MHC class I genes, SSCP was also
regarded as the most appropriate genotyping system for the purposes of this study.
SSCP analysis can distinguish single stranded DNA fragments under non-denaturing
conditions because they fold into unique conformations determined by their primary sequence.
Formation of such secondary structures depends on both the length of the sequence and physical
factors such as temperature and ionic strength (Hayashi and Yandell, 1993). For these reasons,
all cloned PCR products in this study were amplified with the same primer pair (B-Br) to
produce fragments of the same length for SSCP analysis. In addition, the temperature and
chemical composition of the buffer were kept constant for all polyacrylamide gel
electrophoresis (PAGE). Therefore, the SSCP conditions described here ensured that each
sequence produced a unique SSCP migration pattern that was reproducible under exactly the
same conditions. However, the method was sensitive to slight variations and as a result,
identical sequences sometimes appeared slightly different in separate gels. For this reason, the
analysis was restricted to the identification of different patterns within individual gels.
Moreover, to ensure that SSCP was detecting all the polymorphism, replicates with the same
SSCP pattern were sequenced. In each case all replicates were identical.
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Sequencing of exons 2 and 3 of ovine MHC class I transcripts was used to identify the
sequences transcribed by the rams, because the majority of variability in MHC class I genes is
found within these exons (Trowsdale and Parham, 2004). Sequence analysis of exons 2 and 3
can discriminate between the great majority of HLA class 1 sequences (Parham et al. 1995;
http://www.ebi.ac.uk/imgt/hla/align.html). Moreover, bovine MHC class I sequences available
in the databases can be discriminated by sequencing of the fragment amplified by primers C and
Cr, used in this study. In sheep, most of the diversity previously described in MHC class I
molecules is situated between residues 60 and 80 of the al domain and between residues 150
and 170 of the a2 domain (Grossberger et al. 1990) and both of these regions were included in
the amplicons generated.
Screening a cDNA library is an alternative approach for the identification of transcribed
class I sequences. In a recent study of the horse MHC, class I genes were isolated both from a
cDNA library and by reverse transcription PCR (Chung et al. 2003). The second approach
isolated only three out of the four sequences identified from the library. However, failure to
detect the remaining allele is likely to have arisen from the small number (25-35) of RT-PCR
clones that were screened. The much larger number of clones screened in the present study (180
per animal) greatly increases the likelihood of detecting MHC class I genes transcribed at lower
levels. Furthermore, failure to detect all transcribed sequences from an animal could also result
from cDNA library screening with a probe even under low stringency conditions. Using SSCP
and sequence analysis of the PBR, a number of undetected sequences were found to be
transcribed by cattle MHC haplotypes previously characterized by cDNA library screening
(McHugh N., CTVM, University of Edinburgh, Edinburgh, UK, personal communication).
3.4.2 Number and transcription levels of ovine MHC class I loci
A number of serological studies, to date, investigating segregation of alloantisera markers in
sheep families, have identified up to three class I loci (Stear and Spooner, 1981; Cullen et al.
1982; Millot P. 1984; Grossberger et al. 1990; Garrido et al. 1995). Millot P. (1978) suggested
that there are two closely linked sheep MHC loci (OLA-A and OLA-B), but in a later study,
identified a third linked serologically distinct locus (Millot P. 1984). Other researchers
suggested that the distribution of antigens in the population and their segregation is consistent
with the assumption that two linked loci are present (Stear and Spooner, 1981; Cullen et al.
1982). However, Cullen et al. (1982) speculated that their serological typing data could be
explained by the expression of four loci. Molecular studies of the ovine MHC class I region are
restricted to one publication, where a sheep thymus cDNA library was screened with a human
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HLA-B7 cDNA probe. The authors identified 5 different sequences, which is consistent with the
transcription of at least three loci (Grossberger et al. 1990).
The number of transcripts identified from rams 501 and 504 implies haplotypes with at
least three and four MHC class 1 loci, respectively. To maximize the likelihood of identifying all
the transcribed class 1 sequences, three different primer pairs designed in the most conserved
areas possible were used and a large number of clones (180 per animal) were screened by SSCP.
However, the possibility of missing transcribed sequences due to polymorphism at the 3' prime
ends of the primers cannot be totally excluded. It is also possible that additional class I genes
were not identified because they are transcribed at very low levels in PBMCs. In that case, the
number of ovine MHC class 1 loci transcribed by those rams may be even higher.
If the primers used to amplify the class I transcripts were conserved, the number of
replicates identified for each sequence should reflect to some extent the abundance of the
corresponding mRNA. With the exception of primer Ar, it was subsequently determined that all
primers were designed in well conserved areas (chapter 5; Fig. 5.12). Therefore, a preferential
amplification of specific sequences with primer pairs B-Br and C-Cr is unlikely. On that basis,
sequences D5, D3, C7 and E2 for ram 501 and F8 and F12 for ram 504 were transcribed at
much higher levels compared to the remaining sequences, because they were represented by a
larger number of clones (Table 3.3). These sequences possibly encode highly expressed
classical class I products, whereas the remaining sequences may encode poorly expressed
classical or non-classical class 1 genes. Similarly, in humans alleles of the HLA-C locus are
expressed at significantly lower levels compared to HLA-A and HLA-B (Snary et al. 1977;
McCutcheon et al. 1995). Moreover, a number of classical bovine class I loci expressed at levels
significantly lower than usual have been described (reviewed by Ellis S. 2004).
It is unlikely that all identified class I sequences, especially for ram 504, are
functionally expressed classical class I genes. It has been suggested that a small number of
highly polymorphic classical class I loci is preferred in vertebrates, because in the presence of a
many MHC molecules during the development of the T cell repertoire, depletion of a large
number of potentially self reactive T cell receptors is possible. Therefore, a reduced T cell
repertoire would be generated that is unfavourable for disease resistance (Kappler et al. 1987).
Indeed, the extensive variability in genetic distances between the obtained exon 2 and 3
fragments (Tables 3.5 and 3.6) suggests that although some sequences represent alleles at
individual loci, others represent diverged putative non classical loci that have incorporated a
large number of possibly non functional mutations (sequences G12 and G6). Moreover, the
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identification of partial MHC class I transcripts does not mean that each is functional. A number
of transcribed pseudogenes with deletions or early stop codons have been identified within the
bovine MHC class 1 region (Ellis S., IAH, Compton, UK, personal communication). Therefore,
additional full length sequence information combined with transfection and expression studies
are required to resolve this issue.
A phylogenetic analysis of these sequences may provide some information on the
relationships between transcripts and the number of loci involved. However, the topology of
trees constructed using the highly polymorphic exon 2 and 3 sequences were unreliable possibly
due to the influence of positive selection in the regions coding for the PBR (Hughes and Nei,
1988). In contrast, substitutions that occur in more conserved regions of MHC class I genes are
more possibly locus specific. Therefore, phylogenetic analysis using full length or exons 4
through 8 sequence data are expected to yield information about the relationships between the
ovine MHC class I loci.
In summary, the results outlined in this chapter suggest that a combination of RT-PCR,
SSCP and nucleotide sequence analysis of the ovine MHC class I peptide binding region was a
useful tool for identifying novel transcripts. Six distinct SSCP patterns, each corresponding to a
unique nucleotide sequence were identified from ram 501 and eight from ram 504, implying the
transcription of at least three class I loci by ram 501 and four by ram 504. The abundance of the
transcripts and the genetic distances among the sequences suggest that at least one locus for ram
504 and two for ram 501 are highly expressed classical class I genes, while the remaining
sequences may represent weakly expressed classical or non classical loci or pseudogenes.
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Chapter 4. Assigning the ovine MHC class I transcripts
to haplotypes
4.1 Introduction
In the previous chapter, six ovine MHC class I sequences transcribed by ram 501 and 8
transcribed by ram 504 were identified. However, the combination of genes inherited together
on a single chromosome comprises a haplotype and characterization of MHC haplotypes is
desirable for precise analysis of immune responses and disease association studies.
Traditionally, MHC class I haplotypes have been characterized using serology.
However, during the last decade, due to the development of the polymerase chain reaction
(PCR) technique, DNA based typing methods have begun to replace serological techniques.
DNA methods were initially applied to type the human MHC, known as Human Leukocyte
Antigens (HLA). Such methods were first developed for class II typing and more recently they
have been used to determine class I HLA alleles (reviewed in Middleton D. 1999). DNA typing
revealed that the extent of polymorphism was greater than that detected by serology and proved
invaluable in cases where serological typing was difficult due to poor cell viability or
expression.
Among the available DNA typing techniques, sequence specific PCR has been widely
used in clinical histocompatibility laboratories (Middleton D. 1999). A comprehensive
genotyping system which characterizes HLA-A, -B, -C, -DRB1, -DRB3, -DRB4, -DRB5 and
DQB1 haplotypes, using multiplex sequence specific amplification has been developed (Bunce
et al. 1995). Following the advances developed to type human samples for clinical
transplantations, sequence specific amplification methods were developed to type MHC genes
in other non human mammalian species. MHC class I genes from Rhesus macaques (Macaca
mulatto) (Lobashevsky and Thomas, 2000), woodchuck (Marmota monax) (Zhou et al. 2003)
and cattle (Ellis et al. 1998) have been typed by this method.
However, ovine class I haplotypes have been characterized only by serology. Due to the
small number of studies at the DNA level (Chardon et al. 1985; Grossberger et al. 1990) and the
limited sequence data available, PCR based typing methods for ovine class I genes have yet to
be developed. Therefore, disease association (reviewed by Dietert R. 1996; Hohenhaus and
Outteridge, 1995; Stear and Spooner, 1981) and immunization studies on sheep (Outteridge et
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al. 1988), where class I antigens are used as markers, are mainly based on serological typing to
date.
The work described in this chapter aims to determine which class I genes are inherited
together on individual haplotypes carried by rams 501 and 504, by genotyping cohorts of their
progeny. This required the development of a sequence specific genotyping system to trace the
inheritance of each class I sequence in the progeny of rams 501 and 504. Haplotype
characterization of ovine MHC class 1 genes, availability of MHC defined animals and
development of reliable and quick genotyping methods will facilitate immunization and disease
association studies.
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4.2 Materials and methods
4.2.1 Animals and preparation of nucleic acid
Peripheral blood samples were obtained from rams 501 and 504 and from 9 and 8 of their
respective progeny (Table 2.1). Blood was also obtained from 5 of the dams of these progeny as
detailed in Table 4.1. Peripheral blood mononuclear cells (PBMC) were prepared from each
blood sample as described in section 2.9.2 and total RNA extracted and cDNA synthesized as
described in sections 2.3.2 and 2.4.2, respectively. The numbers of PBMC, total RNA
concentrations and OD26o/OD28o ratios for the extracted RNA are shown in Table 4.1.
Animals No PBMCs RNA (pg/ml) OD260/OD280
rams 501 1.03xl07 12.15 1.79
504 0.93xl07 10.67 1.89
ewes 265N 1.27 xlO7 7.89 1.90
306N 1.12 x 107 9.86 1.93
877N 1.17 x 107 8.64 1.92
822N 1.35 xlO7 9.45 1.88
1098N 1.86 xlO7 10.28 1.94
lambs 448 1.00 x 10' 5.16 1.95
449 1.13 xlO7 6.30 1.98
461 0.96 xlO7 5.63 1.90
486 0.68 xlO7 7.27 1.89
489 0.72 xlO7 11.38 1.92
518 1.27 xlO7 11.57 1.90
555 1.02 xlO7 12.81 1.90
637 1.04 xlO7 10.43 1.86
680 0.50 xlO7 12.28 1.96
457 0.46 xlO7 8.34 1.93
529 1.15 xlO7 11.9 1.94
530 0.88 xlO7 9.78 1.95
573 0.72 xlO7 9.46 1.96
596 0.68 xlO7 10.98 1.90
609 1.20 xlO7 15.33 1.95
610 0.83 xlO7 6.24 1.93
673 0.71 xlO7 6.33 1.95
Table 4.1: PBMC measurements, RNA concentrations and OD260/OD280 ratios for the extracted
nucleic acid from animals used in this chapter.
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4.2.2 Development of the class I sequence specific PCR amplification
method
4.2.2.1 Primer design
For the purpose of establishing a sequence specific amplification method to genotype the
progeny of rams 501 and 504, sequence specific primers (SSPs; Fig. 4.1, Table 4.2) were
designed using the sequences described in chapter 3 (Fig. 3.9 and 3.10). SSPs were designed on
the basis that at least one specificity-dependent nucleotide is located on the terminal 3'-base of
either forward, reverse or ideally both primers (Fig. 4.1).
SSPs were designed to generate PCR products of different sizes for each sequence
identified in each ram, with the potential of developing a multiplex PCR. In addition, SSPs were
designed to have high and compatible melting temperatures (59°C to 63°C for 501 sequences
and 58°C to 63°C for 504 sequences, as determined using Primer3 software; section 2.4.1),
allowing stringent PCR conditions to be used. The vast majority of SSPs exhibited low end self
complementarity and low 3' end stability.
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Forward Primers Reverse Primers
Name J' Sequence 3' Name 5' Sequence 3' PCR product length
D5frw GATCGGAACACGCGAAAC D5rev AGCCGTACATCCACTGCC 121 bp
D3frw GGATCGAAACACGAGGATCTA D3rev TCGTAGCCGAGCTGATCAT 177bp
C7frw GGATCAGGAGACGCGATCA C7rev CAGGTAGATCCTCACACGCG 301 bp
E2frw ACGAAAGGCCAACGATGA E2rev GCACCTGCCACCACAACA 264bp
C6frw GGGATCAGGAGACGAGAATCTA C6rev CACCTGCCGCCTCAAT 276bp
Cllfrw CAAGCGCAAGATTGAGGCT C11 rev CCAGGTATCTGCGGAGCAT 89bp
F8frw GATCGGGAAACTCGAAACAT F8rev CTCCAGGTAGTTCCTTTCTGC 303bp
F12frw GAAGGGCCAAGGGCAA F12rev GCCGTACATCCACTGCCA 107bp
HlOfrw TCAGGAGACGCAGGGAACT HlOrev CACCTGCCACCACAGCA 272bp
F9frw GGATCAGGAGACGCGATT F9rev TGGTTGTAGTAGCCGAGTGC 81 bp
G6frw GGATAGCCAAGGACGGCAT G6rev GGTGTCTGCGGAGCAAGTT 321 bp
G12frw CGAGATGCCAAGAAAGCTCA G12rev TCAGGGAGATGTAATCCGCA 187bp
F7frw CCCGAGTATTGGGATCTGAAC F7rev GTCCTCGTTCAGGGCGATA 219bp
E9frw GAGACGCAGGGAACTAAGGACA E9rev CCGTCGTAGGCGAACTGATC 173bp
Table 4.2: Sequence specific primers and length of the expected PCR products.
4.2.2.2 PCR optimization using piasmid template DNA
The sequence-specific amplification method was initially optimized using piasmid DNA,
containing each of the ovine MHC class I sequences identified from rams 501 and 504. Piasmid
DNA was prepared as described in section 2.3.3 and resuspended at a concentration of
lOOng/pl. To determine the optimum piasmid template concentration, the piasmid containing
the D5 gene was diluted 100, 500 and 1000 times and lpl from each dilution was mixed with
49pl PCR master mix (50mM KC1, lOmM Tris-HCl, 1.5mM MgCl2, 0,1% TritonX-100, 200qM
of each dNTP, 200nM of each primer (D5frw and D5rev) and 1 unit Taq polymerase (Promega
Corporation, Madison, USA). Amplification was carried out using the touchdown PCR cycling
profile 1 described below.
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Thermal cycling profile 1:
• Initial denaturation for 1 min at 94°C;
• 5 cycles of 1 min at 94°C, 1 min at 65°C and 2 min at 72°C;
• 5 cycles of 1 min at 94°C, 1 min at 60°C and 2 min at 72°C;
• 20 cycles of 1 min at 94°C, 1 min at 55°C and 2 min at 72°C and
• final extension for 7 min at 72°C.
4.2.2.3 PCR optimization using cDNA template derived from rams
PCR reactions were carried out in a final volume of 50pl containing 49pl PCR master mix
(50mM KC1, lOmM Tris-HCl, 1.5mM MgCfi, 0,1% TritonX-100, 200pM of each dNTP,
200nM of each primer and 1 unit Taq polymerase (Promega Corporation, Madison, USA)),
0.5pil cDNA (around lOOng) and thermal cycling profiles 1 through 5 to identify the optimum
amplification conditions for each primer set. In addition, the relative efficiency of Roche Taq
DNA polymerase (Roche Diagnostics GmbH, Penzberg, Germany) was compared with the
Promega polymerase at a range of different MgCfi concentrations (1.5mM, 2mM, 2.5mM and
5mM), using the thermal cycling profile 2.
Thermal cycling profile 2:
• Initial denaturation for 1 min at 94°C;
• 5 cycles of 1 min at 94°C, 1 min at 65°C and 2 min at 72°C;
• 25 cycles of 1 min at 94°C, 1 min at 60°C and 2 min at 72°C;
• final extension for 10 min at 72°C.
Thermal cycling profile 3:
• Initial denaturation for 1 min at 94°C;
• 5 cycles of 1 min at 94°C, 1 min at 70°C and 2 min at 72°C;
• 5 cycles of 1 min at 94°C, 1 min at 65°C and 2 min at 72°C and
• 20 cycles of 1 min at 94°C, 1 min at 60°C and 2 min at 72°C.
Thermal cycling profile 4, used only for 501 alleles:
• Initial denaturation for 5 min at 94°C;
• 30 cycles of 1 min at 94°C, 1 min at 65°C and 2 min at 72°C and
• final extension for 10 min at 72°C.
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Thermal cycling profile 5, used only for 501 alleles:
• Initial denaturation for 2 min at 94°C;
• 30 cycles of 30 sec at 94°C, 30 sec at 65°C and 30 sec at 72°C and
• final extension for 5 min at 72°C.
4.2.2.4 Optimized PCR protocol for genotyping lambs and ewes
PCR reactions were earned out in 50pl final volume containing 49pl PCR master mix (50mM
KC1, lOmM Tris-HCl, 2mM MgCT, 200pM of each dNTP, 200nM of each allele specific
primer and 2 units Taq polymerase (Roche Diagnostics GmbH, Penzberg, Gennany) and 0.5pl
cDNA (around lOOng). The thermal cycling profile 2 was used for amplification of all
sequences, with the exception of alleles Cll (ram 501), F12, F7, G12, F9 and E9 (ram 504),
which were amplified for 35 cycles instead of 30.
A total of 17 lambs and 5 ewes were genotyped, using the optimized sequence specific
amplification method. The typing of each lamb was repeated at least twice for all sequences and
at least three times for those sequences found to be present in the majority of lambs (C7, E2, C6,
F12, F7 and G12).
4.2.3 Cloning of PCR products excised from agarose gels
Sequence specific PCR products were excised from 0.7% agarose gels (section 2.5.4) and
cloned into the pGEM T Easy vector (section 2.6.2). Each cloned PCR product was used to
transform Promega JM109 high efficiency competent cells (section 2.7.2) cultured as described
in section 2.7.3.
4.2.4 Selection of transformed colonies by PCR
White and blue colonies were picked and processed for colony PCR with each of the sequence
specific primer pairs presented in table 4.2, as otherwise described in section 2.7.4.
4.2.5 Sequence analysis
To confirm the identity of the inserts plasmid DNA was prepared and sequenced as described in
section 2.8. This data allowed the generation of a phylogenetic tree based on a Clustal W
alignment showing the predicted relationship between sequences (section 2.8.3).
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4.3 Results
4.3.1 Preliminary experiments
4.3.1.1 Assessing the quality of RNA
The quality of RNA preparations were assessed by spectrophotometry, as described in section
4.2.1. The ratios of optical density at 260 and 280 nm were between 1.8 and 1.9, (Table 4.1)
indicating only limited protein contamination. In addition, PCR amplification of full length
MHC class I transcripts from cDNA prepared from these samples indicates that the mRNA
preparations were not degraded by contaminating nucleases (Fig. 4.2).
i&asMlaiii
~ 448 449 461 489 518 555- 637 680
lOObp lOObp
ladder ladder
Figure 4.2: Agarose gel showing full length PCR products amplified from lamb cDNA with primers Cfl-
Drl (chapter 5). The lOObp DNA ladder contains fragments from lOObp to lOOObp and an additional band
at 1500bp.
4.3.2 Development and optimization of the class I SSP-PCR genotyping
method
4.3.2.1 PCR optimization using previously defined plasmid DNA
4.3.2.1.1 Use of appropriate plasmid DNA concentration
The optimum plasmid template concentration was identified by sequence specific PCR of 100X,
500X and 100X dilutions of a lOOng/pl solution of the D5 plasmid. Using the protocol
described in section 4.2.2.2, a band of slightly higher intensity was obtained from the 500 X
dilution (Fig. 4.3) and this dilution of plasmid template was subsequently used throughout the
optimization process.
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Figure 4.3: Agarose gel showing sequence specific PCR amplification of the D5 sequence from xlOO,
x500 and xlOOO dilutions of the D5 plasmid
4.3.2.1.2 Confirmation of SSP-PCR specificity
Plasmid DNA containing each of the MHC class 1 sequence described in the previous chapter
was amplified with each of the different primer pairs (Table 4.2) using the optimized conditions
selected from the experiments detailed above. This confirmed that only the targeted sequence
could be amplified by each primer pair (Fig. 4.4 and 4.5). The sizes of all PCR products were as
expected.
D5D3C7E2C6C11 D5 D3 C7 E2 C6 CI 1 D5D3C7E2C6CU D5 D3C7 E2 C6 CI 1 D5 D3 C7 E2 Cb CI 1 D5 D3 C7 E2 C6 CI 1
D5frw and rev D3frw and rev
_
C7frw and rev
__ E2frw and rev C6frw and rev CI 1 frw and rev
primer pair primer pair primer pair primer pair primer pair ■■ primer pair
i * Si mm m
tpi •m Z .
lOObp
ladder
Figure 4.4: Agarose gel showing the specificity of each SSP pair. Amplification was restricted only to
the SSP-associated plasmid DNA template. The identity of each plasmid DNA template is shown below
the wells.
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F8F12H10F9F7 G6G12E9 F8FI2HI0F9F7G6 G12E9 F8F12H10F9 F7G6G12E9 F8F12H10F9F7 G6 G12E9 F8F12 III0F9F7G6GI2E9
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Figure 4.5: Agarose gel showing the specificity of each SSP pair. Amplification was restricted only to
the SSP-associated plasmid DNA template. The identity of each plasmid DNA template is shown below
the wells.
4.3.2.2 PCR optimization using cDNA prepared from rams 501 and 504
Once the specificities of the sequence specific primers were validated using plasmid templates a
range of thermal cycling conditions were tested in order to optimize amplification using cDNA
as the template.
4.3.2.2.1 Selection of a PCR cycling profile
With the exception of E2, all 501 and 504 sequences amplified using cycling profiles 1 to 4
(Fig. 4.6 to 4.10). However, when cycling profile 1 was used, non specific bands were evident
using C6 SSP and the majority of the 504 SSP pairs (Fig. 4.6). By increasing the annealing
temperature of the last 20 cycles from 55°C to 60°C (profile 2), the intensity of the
contaminating bands was reduced, but not totally eliminated (Fig. 4.7). Increasing the annealing
temperature of the first five cycles from 65°C to 70°C, (profile 3) did not improve the sensitivity
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and reduced the efficiency of amplification of F12, H10 and G12 sequences (Fig. 4.8). A non
touchdown protocol (profile 4) was tested but this also failed to reduce the intensity of the C6
contaminating bands (Fig. 4.9). Reducing the amplification time from 1 min to 30 sec (profile 5)
resulted in a failure to amplify most of the 504 sequences (Fig. 4.10). Therefore, the use of
cycling profile 2 provided the best possible results by reducing the intensity of the
contaminating bands without deteriorating the efficiency of amplification of the required













D5 D3 C7 E2 C6 Cll F8 F12I110F7 F9 G6G12 E9
Figure 4.6: Agarose gel showing sequence specific PCR products amplified from cDNA prepared from




D5 D3 C7E2C6C11 F8 F12 H10 F7 F9 G6 G12 E9
Figure 4.7: Agarose gel showing sequence specific PCR products amplified from cDNA prepared from
rams 501 and 504, using the thennal cycling profile 2.
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lOObp
ladder
D5 D3C7 E2 C6 Cll F8F12I110F7 F9G6G12E9
Figure 4.8: Agarose gel showing sequence specific PCR products amplified from cDNA prepared from






D5 D3 C7 E2 C6 Cll
Figure 4.9: Agarose gel showing sequence specific PCR products amplified from cDNA prepared from
ram 501, using the thermal cycling profile 4.
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D5 D3C7 E2 C6C11 F8 F12 H10 F7 F9 G6 G12 E9
Figure 4.10: Agarose gel showing sequence specific PCR products amplified from cDNA prepared from
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1,5mM MgCl2 2 mM MgCl2 2.5mM MgCl2 5mM MgCl2
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Figure 4.11: Agarose gel showing sequence specific PCR products amplified from cDNA prepared from
rams 501 and 504, using 1.5, 2, 2.5 and 5mM MgCl2 concentrations.
4.3.2.2.2 Selection of MgCI2 concentration.
Using cycling profile 2, a range ofMgCl2 concentrations were tested to further optimize the SSP
amplification method (Figure 4.11). Better amplification in terms of both concentration and
specificity were obtained with 2mM MgCl2. Lower MgCL concentration produced bands of
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lower intensity, while higher concentrations decreased specificity, as indicated by secondary
bands and smearing. Sequences CI 1, F12, F7, G12, F9 and E9 required amplification with 2mM
MgCF, using Roche Taq polymerase and the thermal cycling profile 2 but for 35 cycles (Fig.
4.12).
CI I F12 F7 G12 F9 E9
Figure 4.12: Agarose gel showing sequence specific PCR products amplified from cDNA prepared from
rams 501 and 504. Sequences CI 1, F12, F7, G12, F9 and E9 were amplified, using the thermal cycling
profile 2, but for 35 cycles
4.3.2.2.3 Shared sequences among animals
cDNA prepared from ram 501 was amplified with primers designed for sequences detected from
ram 504 and vice versa. Sequences F7 and G12 that had been detected in single clones
according to SSCP and sequence analysis of exons 2 and 3 in chapter 3 (Table 3.3), were shared
between rams (Fig. 4.13), as they were detected in both 501 and 504 and in all their offspring
(Fig. 4.13 and 4.14).
lOObp
F7 frw and rev ladder G12 frw and rev
primer pair — __primerpair
41J • » 4
501 504 1 234 56789 501 504 1 2 3 4 5 6 7 8 9
Figure 4.13: Agarose gel showing specific PCR products for sequences F7 and G12 amplified from
cDNA prepared from rams 501 and 504 and from nine 501 offspring. The names of the lambs are
presented as showed in the table 4.3 (section 4.3.4).
86
Chapter 4. Assigning the ovine MHC class I transcripts to haplotypes
4.3.3 Genotyping of lambs and ewes
The 17 progeny of rams 501 and 504 were genotyped to determine from which parental MHC
haplotype a given gene was derived using the optimized sequence specific amplification method
described in section 4.2.2.4. The results are shown in Figures 4.13 and 4.14 and summarized in
Table 4.3.
1 2345678 9 123456789 123456789 123456789 12345 6 789
• mmrnmmm
""••*••«»•• mw00**0Wm
D5 frw and rev
primer pair
D3 frw and rev
primer pair
C7 frw and rev E2 frw and rev C6 frw alld rev
primer pair primer pair Pnmer Pair
1 2345678 9 '1 '2 '3'4'5'6'7 "8 '
•$






C11 frw and rev
primer pair
F8 frw and rev
primer pair
F12 frw and rev 1110 frw and rev F9 frw and rev
primer pair primer pair primer pair
1
'1 '2 '3'4'5'6 '7 ' 8 '1 '2\3'4'5'6'7'8 '1 -2'3'4'5'(,'7 •$, 1 '2 '3'4'5 '6'7'8
lOObp
ladder
F7 frw and rev
primer pair
• «•»«*
G6 frw and rev
primer pair
^ 4MI si ah • •
G12 frvv and rev E9 frw and rev
primer pair primer pair
Figure 4.14: Agarose gel showing specific PCR products amplified from cDNA prepared from nine 501
and eight 504 offspring for each sequence specific primer pair. The names of the lambs are presented as
shown in the table 4.3 (section 4.3.4).
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Seven progeny of 501 (449, 486, 489, 518, 555, 637, and 680) provided sequences D3,
E2 and C6, while two (448 and 461) provided sequences D5, CI 1 and C7. Four offspring of 504
(457, 573, 609 and 610) provided sequences F8, G6 and E9, while three (529, 530 and 673)
provided sequences F12, H10 and F9. One lamb (596) sired by 504 yielded all six paternal
sequences. The identity of each SSP-PCR product was confirmed by sequencing. SSP-PCR
analysis of all the progeny of rams 501 and 504 consistently amplified the F7 and G12
sequences (Fig. 4.13 and 4.14).
4.3.4 Sequence analysis
Sequence specific PCR products from lambs 448, 449, 461, 486, 489, 457, 596, 609, 610, 673
and ewes 265N, 306N, 822N, 877N and 1098N were cloned and sequenced to confirm their
identity. All sequence specific PCR products amplified from lambs' cDNA were identical to
those that had been identified from rams except from the maternally inherited and newly
identified ones.
Some SSP pairs clearly amplified maternally inherited class I sequences, as these differed by at
least 4bp from those obtained from rams 501 and 504 (underlined sequences in table 4.3). An
alignment of the maternally inherited sequences with those previously described is presented in
figure 4.15. In particular, the D5 primer pair amplified sequences D5bl and D5b2 from lambs
449 and 486. Genotyping of the mothers of 449 and 486 (ewes 306N and 822N) with the D5
specific primer pair followed by cloning and sequence analysis of the amplified products
confirmed that D5bl and D5b2 were maternally inherited (Fig. 4.15). Similar analysis of ewe
877N confirmed that sequences E2b and C6b were maternally inherited to lamb 461 (Fig. 4.15).
In addition, SSPs designed for the F12 sequence amplified sequences F12bl and F12b2 from
lambs 609 and 610. These sequences differed from F12 by at least 4bp (Fig. 4.15) and
genotyping of ewesl098N and 265N verified that they were maternally inherited.
Genotyping of lambs derived from ram 501 with primers designed for sequence C7
revealed a previously unidentified sequence inherited from 501. This sequence, C7b, differed
from C7 by 25 nucleotides (Fig. 4.15) and always segregated with alleles D3, C6 and E2 (Table
4.3). The sequence C7b was not confirmed in ram 501, because the C7 sequence was amplified
consistently. Flowever, it is unlikely to be maternally inherited as it was identified in seven
lambs all sired by ram 501, when mated with seven different ewes.
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501 Sequences 504 Sequences
lambs lambs
1: 448 D5, C11, C7, F7, G12 '1:457 F8, F7, G6, E9, G12
2: 449 D5b1, D3, C7b, E2, C6, F7, '2: 529 F12, H10, F9, F7, G12
G12
3: 461 D5. C11. C7. E2b. C6b. F7. '3: 530 F12, H10, F9, F7, G12
G12
4: 486 D5b2, D3, C7b, E2, C6, F7, '4: 573 F8, F7, G6, E9, G12
G12
5: 489 D3, C7b, E2, C6, F7, G12 '5: 596 F12, H10, F9, F7, G12
F8, F7, G6, E9, G12
6: 518 D3, C7b, E2, C6, F7, G12 '6: 609 F8, F7, G6, E9, G12, F12b1
7: 555 D3, C7b, E2, C6, F7, G12 '7: 610 F8. F7. G6. E9. G12. F12b2
8: 637 D3, C7b, E2, C6, F7, G12 '8: 673 F12, H10, F9, F7, G12
9: 680 D3, C7b, E2, C6, F7, G12
Table 4.3: Summary of the genotyping results shown in figures 4.13 and 4.14 by taking into
consideration the sequencing results. Underlined sequences are maternally inherited. Sequence C7b
shaded in gray is a newly identified class I sequence derived from ram 501.
An alignment of the predicted amino acid sequences described in chapter 3 with the
newly identified 501 sequence C7b and the sequences identified from the ewes (Fig. 4.16) and a
phylogenetic tree (Fig. 4.17) show the similarities among the sequences. Based on the available
sequence data, the C7b sequence and each maternally inherited sequence amplified by SSP-PCR
were phylogenetically closest to the individual sequences targeted by the SSPs, except for
sequences D5bl and D5b2, which were more similar to F12 (Fig. 4.17).
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Figure 4.15: Alignment of new ovine MHC class I sequences identified on lambs or ewes cDNA. These
sequences were amplified with sequence specific primers designed for class I sequences C7, D5, C6, E2,
F12 and G12 previously identified from rams 501 and 504 in chapter 3. Identities and gaps are indicated
by dots (.) and dashes (-), respectively.
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Figure 4.16: Alignment of predicted amino acid ovine MHC class I sequences identified on rams, lambs
and ewes. The order of the sequences is based on the phylogenetic tree presented in figure 4.17. Vertical
lines (| ) indicate domain boundaries. Identities and gaps or absence of sequence are indicated by dots (.)
and dashes (-), respectively. Asterisks (*) indicate MHC class I residues predicted to bind antigenic
peptides or interact with T cell receptors in humans (Bjorkman et al. 1987a).
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Figure 4.17: A phylogenetic tree of ovine MHC class I sequences identified on rams, lambs and ewes,
based on clustal W alignments, visualizes the similarities among the identified sequences from the rams
and ewes. The length of each branch is indicated by a continuous line.
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4.3.5 Ovine MHC class I haplotypes
Based on the genotyping data presented in figures 4.13 and 4.14 and in table 4.3, figure 4.18
shows the 4 ovine MHC class I haplotypes carried by rams 501 and 504.
D5 C7 Cll F7 G12 A
-■ 1 1 0—0-
-0 0 0-0—0—0-
D3 C6 E2 C7b F7 G12 B
F8 E9 G6 E7 G12 C
0 0 0 0—0
504
-0 0 0 0—0
F12 H10 F9 F7 G12 D
Figure 4.18: The MHC class 1 haplotypes carried by rams 501 and 504 as determined by sequence
specific PCR genotyping. Alleles aligned do not necessarily correspond to loci.
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4.4 Discussion
In this chapter each of the 14 class 1 genes previously identified from rams 501 and 504 were
each assigned to individual MHC class I haplotypes using a novel SSP-PCR genotyping
method.
4.4.1 Optimization of the SSP-PCR genotyping method
DNA-PCR-based methods can be broadly classified into three main categories (reviewed by
Middleton D. 1999; Erlich et al. 1999). (i) those which generate a product containing internally
located polymorphisms which can be detected by a second technique, such as restriction
fragment length polymorphism (RFLP), specific oligonucleotide probing (SOP) or sequencing,
(ii) those in which the polymorphism is identified as part of the PCR process, such as the
sequence specific PCR and (iii) conformational analysis in which the polymorphism generates
specific conformational changes in PCR products, such as heteroduplex analysis (HA), single
strand conformational polymorphism (SSCP) and denaturing gradient gel electrophoresis
(DGGE). Among those methods, sequence specific PCR is the method of choice if prior
sequence data are available and the number of samples analyzed is not very large, as in the case
of this study. The advantages of the sequence specific amplification genotyping include
accuracy and rapidity and the ease with which it can be performed once optimized.
Prior to genotyping the progeny of rams 501 and 504, the SSP-PCR genotyping method
was optimized and validated for each class I gene. Initially, plasmid DNA was used as the
template to test the specificity of each primer pair. SSP pairs were designed on the principle that
a mismatch at the 3' terminal end is sufficient to prevent priming of non-specific reactions,
when Taq DNA polymerase lacking 3' to 5' exonuclease activity is used (Newton et al. 1989).
By testing a range of cycling conditions, template concentrations, MgCl2 concentrations and
Taq polymerases, the amplification of only the target sequence was confirmed for each primer
pair (Fig. 4.4 and 4.5).
However, because plasmid DNA is usually super coiled and each construct contains
only one sequence, further optimization of the SSP-PCR system using cDNA template was
necessary. Touchdown PCR protocols in which the annealing temperature is gradually
decreased, so that initial priming occurs only at sequences with perfect homology to the primers
(McPherson et al. 1995) were used during the optimization process. As expected, specificity
was improved by increasing the annealing temperature of the first cycles (Fig. 4.6 to 4.9).
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Decreasing the incubation time during both annealing and extension would also be expected to
improve specificity, due to reduced mis-priming (Elrich H. 1999). However, when shorter
amplification times were used (Fig. 4.10), the yield of most PCR products was significantly
reduced. Therefore, a balance was reached between specificity and yield.
Some sequences required a higher number of cycles than others for amplification. For
most sequences, 30 cycles produced PCR products that appeared as intense bands on agarose
gels. However, the CI 1, F9 and G12 sequences each required amplification for 35 cycles while
a greater yield was obtained for F12, F7 and E9 using 35 cycles. This is likely to be due to a
combination of different primer annealing kinetic parameters and lower levels of mRNA
transcripts as discussed in chapter 3 (Table 3.3).
4.4.2 Genotyping of lambs and ewes
A total of nine offspring of ram 501 and eight offspring of ram 504 were genotyped by SSP-
PCR. This allowed assignment of the 14 MHC class 1 sequences previously identified from the
rams into four haplotypes (Fig. 4.18).
Although the SSP were each designed to amplify a specific class I sequence, previously
unidentified sequences, some of which were maternally inherited, were also amplified using
some SSP pairs (Table 4.3; underlined and shaded sequences). Specifically, the novel D5bl,
D5b2, E2b, F12b 1 and F12b2 sequences all differed by at least 4 nucleotides from their
respective target counterparts D5, E2, and F12 (Fig. 4.15). As the PCR-SSP typing system was
set up using the limited number of ovine MHC class I sequences identified from rams 501 and
504 and 8 published sequences, amplification of novel maternally inherited sequences was not
unexpected. As the number of available ovine MHC class I sequences from different breeds
rises, design of additional SSP will be possible, which may reduce cross-reactivity.
The amplification of a C7 product from all the offspring of ram 501 was attributed
either to it being homozygous, or to cross-priming of a previously unidentified paternal
sequence. Sequencing of C7 SSP-PCR products revealed a new sequence, denoted C7b, in 7 of
the 9 offspring of ram 501. These 7 animals each inherited the 50IB haplotype, while C7b was
not found in two animals that inherited the 501A haplotype. The prior failure to identify the C7b
sequence in ram 501 may be a result of polymorphism at the 3' end of the original primers
(Newton et al. 1989) or could arise from very low transcript numbers and a failure to identify a
clone by SSCP. It may also be due to an age related expression profile. The possibility of
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genomic DNA contamination was excluded by digestion with DNAase I during RNA
preparation in addition to the inclusion of appropriate controls for non specific amplification
from RNA prior to reverse transcription.
4.4.3 Number of ovine MHC class I loci
A number of genetic studies in livestock and other species have revealed significantly greater
genetic complexity and allelic diversity in MHC class I than initially predicted by serology
(reviewed by Chardon et al. 1999; Ellis S. 2004; Parham et al. 1995). Prior to molecular genetic
analyses, it was believed that the majority ofMHC class 1 molecules in cattle were encoded by a
single or two highly polymorphic loci (reviewed by Ellis and Ballingall, 1999). However,
molecular genetic studies have since revealed evidence for at least six classical bovine class I
loci, which occur in a number of combinations, and none of them is consistently transcribed
(reviewed by Ellis S. 2004). In sheep, a serological and a cDNA study suggested that the ovine
MHC contains at least three MHC class I loci (Grossberger et al. 1990; Millot P. 1984). Other
researchers have suggested that the distribution and segregation of class 1 antigens in the
population is consistent with at least two linked class 1 loci (Cullen et al. 1982; Garrido et al.
1995; Jugo and Vicario, 2001; Jugo et al. 2002; Stear and Spooner, 1981).
In chapter 3, 14 novel ovine MHC class I transcripts were identified from two
heterozygous rams. Sequences D5, D3, C7 and E2 for ram 501 and F8 and F12 for ram 504
possibly encode highly expressed classical class I products, whereas the remaining sequences
may encode poorly expressed classical or non-classical class I genes, as suggested by their
transcription levels. In the current chapter, additional evidence was provided for the non
classical nature of the weakly transcribed sequences F7 and G12. These sequences were
identified from all the offspring of 501 and 504, suggesting that both rams are homozygous for
these loci. Non classical MHC genes generally exhibit limited or no polymorphism,
significantly lower expression and in most cases restricted distribution (reviewed by Braud et al.
1999). It is therefore likely that genes F7 and G12 represent such non-classical loci, as they are
present in four haplotypes and are almost certainly transcribed at a significantly lower level in
peripheral blood, based on the limited number of clones initially identified (2 out of 360; Table
3.3; chapter 3). However, since the full length coding regions of the F7 and G12 genes remain to
be determined, it is possible that they represent poorly transcribed pseudogenes. A number of
transcribed pseudogenes with deletions or early stop codons have been found within the cattle
MHC class I region (Ellis S., IAH, Compton, UK, personal communication).
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By genotyping the progeny of rams 501 and 504, the 14 transcripts identified in chapter
3 along with the novel C7b found here were assigned to individual haplotypes. Six transcribed
class 1 loci, two of which are putative non classical were identified in one 501 haplotype (Fig.
4.18; 501 haplotype B), while five transcripts were found in the other (Fig. 4.18; 501 haplotype
A) and in both 504 haplotypes (Fig. 4.18; 504 haplotypes C and D), together with the same
putative non classical class 1 genes, suggesting a greater complexity for the ovine class 1 region
than earlier predicted by serology. For the first time, ovine MHC class 1 haplotypes were
characterized at the cDNA level and a PCR genotyping system for rapid screening of class I
sequences was established.
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Chapter 5. Analysis of full length ovine MHC class I
transcripts
5.1 Introduction
The previous chapters describe the identification of 15 partial transcripts from two rams and the
assignment of those transcripts into four haplotypes. The work described in this chapter aims to
extend these analyses by molecular cloning and sequencing of the entire coding region of those
genes.
Molecular cloning and sequencing of transcribed full length Major Histocompatibility
Complex (MHC) class I genes in mouse (Evans et al. 1982; Steinmetz et al. 1981a,b) and man
(Geraghty et al. 1987; Malissen et al. 1982) has revealed their fine structure. Both classical and
non classical MHC class I genes exhibit an eight exon format as follows:
• 5'-untranslated region (5'-UTR): This region varies between 20 and 30bp in the area
between the TATA box and the translation codon.
• Exon 1: The first exon encodes the leader peptide in the immature protein and varies
from 21 to 29 residues.
• Exons 2 and 3: These exons encode the extracellular al and al domains that encode
the peptide binding region and consist of 90 and 92 residues, respectively. These
domains belong to the immunoglobulin superfamily and their overall structure is well
conserved among different species.
• Exon 4: This exon consists of 92 residues and encodes the a3 extracellular domain
where P2 microglobulin binds.
• Exon 5: This exon encodes the transmembrane region of the protein and exhibits the
greatest variability in length among different class I loci within species (Crew et al.
1991).
• Exons 6, 7 and 8: These exons encode the cytoplasmic domain of the protein and may
vary in length as well. Exon 8 usually includes the stop codon. However, in HLA-B
genes, the termination codon is found in exon 7 and therefore B locus products lack the
residues encoded by exon 8 (Gussow et al. 1987). Alternative splicing of those exons
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further contributes to the variation of the length of that region in mouse (Lew et al.
1987), human (Krangel S. 1986), cattle (Ellis et al. 1992) and sheep (Grossberger et al.
1990). Variation in length may also be caused by in-frame termination codons that give
rise to truncated proteins (Steinmetz et al. 1981b). This is quite common for non
classical class I genes (Lew et al. 1987; Ulker et al. 1990).
• 3'-untranslated region (3'-UTR): This region can vary considerably in length and has
lower nucleotide similarity between different class I genes, probably because it lacks
the structural constrain of coding regions.
At the initiation of this project, only one full length (including the predicted start and
stop codons) ovine MHC class I sequence was present in Genbank (Accn. No M34676), which
shows greatest similarity to an allele at the HLA-B locus (Grossberger et al. 1990). Its overall
fine structure appears similar to that described for functional human and murine class 1 genes.
This and other partial ovine MHC class 1 sequences appear most similar to their cattle
counterparts and in common with BoLA sequences, they contain transmembrane domains of
variable length (Grossberger et al. 1990). Transmembrane domain length and sequence motifs
within exons 5-8 have provided locus-specific markers in some species (Holmes and Ellis 1999;
Parham et al. 1989). In addition, phylogenetic analysis of the a3, transmembrane and
cytoplasmic domains is more likely to cluster alleles at distinct loci (Hugh and Nei, 1988) than
similar analysis of exons 2 and 3. Therefore, data derived from that region would be useful for
phylogenetic analysis of ovine MHC class I sequences. Furthermore, full length coding
sequence data for those genes might provide some insight on their functionality and classical or
non classical nature.
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5.2 Materials and methods
5.2.1 Animals and preparation of nucleic acid
Peripheral blood samples were obtained from rams 501 and 504, as described in section 2.9.2.
Immediately after preparation of PBMC, poly-adenylated mRNA was extracted and cDNA
synthesized as described in sections 2.3.1 and 2.4.2, respectively.
5.2.2 Amplification of full length class I transcripts
Amplification of full length class I transcripts was carried out using three different forward (Afl,
Bfl and Cfl, Table 5.1, Fig. 5.1) and two reverse primers (Drl and Dr2, Table 5.1, Fig. 5.1). To
obtain sequence data for the 5-prime and 3-prime ends of the various ovine MHC class 1
transcripts, additional amplifications using the forward primers Afl and Cfl with the internal
reverse primer Br (Fig 5.1, Table 5.1) and the internal forward primer Br' (Table 5.1, Fig 5.1)
with the reverse primer Drl were carried out. Primers Bfl and Drl are identical to the Bov21
and Bov3 primers described by Pichowski et al. (1996). The remaining primers were designed
using previously described ovine, bovine, human and canine class 1 sequences (Fig 5.2). Primer
Afl was designed using the single full length ovine MHC class I sequence (accession number:
M34676) available on the outset of this study. The primer Cfl was based on a region generally
conserved between ovine and bovine class 1 sequences (Fig. 4.2). Primer Dr2 was designed on
the basis of 3' RACE data described in section 5.3.5.
PCR reactions were carried out in a final volume of 50pl containing 48 or 49 pi PGR
master mix (60 mM Tris-S04, 18mM ammonium sulphate, 200 pM of each dNTP, 200 nM of
each primer and 1U high fidelity Platinum Taq DNA polymerase (Invitrogen Ltd, Paisley, UK))
and 1 or 2 pi cDNA (-150 ng). The cycling profile described by Parham et al. (1995) was used
for amplification of full length class I transcripts to reduce formation of recombinant alleles.
This comprised an initial denaturation for 2 min at 94°C, 25-30 cycles of 1 min at 94°C, 30 sec
at 50°C and 2 min at 68°C, and a final extension for 7 min at 68°C. When primer Dr2 was used
the annealing time was reduced to 10 seconds. The reactions were carried out in a 96 well
Hybaid MBS 0.2S thermal cycler (Thermo Hybaid, Basingstoke, UK).
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Figure 5.1: Ovine class I MHC sequence (M34676, Grossberger et al. 1990) showing the position and
sequence of the forward primers Afl, Bfl and Cfl in italics, underlined and in bold, respectively. Reverse
primers Drl and Dr2 are in bold and bold italics, respectively. The first three bases of each exon are in
bold and the stop codon is underlined.
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A KG—C-Y—CR—C SS--
A G--C C C-R-R--C—
A R—Y R R C—
A c__
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Figure 5.2: Strategy for design of the Afl and Cfl forward primers based on an alignment of consensus
human, bovine, ovine and canine class I sequences obtained from A: http://sdmc.krdl.org.sg:8080/fimm/,
B: http://www.projects.roslin.ac.uk/bola/, C: M34672 to M34676, U26000 to U26010 and U03092 to
U03094, and D: http://www.ebi.ac.uk/ipd/mhc/dla/index.html. The primer Afl is in italics and Cfl is in
bold. No represents the number of sequences aligned and dashes indicate nucleotides that are identical to
the primer sequence. Polymorphic sites in red and blue show that the different nucleotide from the primer
sequence is represented by only one or two sequences, respectively.
Forward Primers Reverse Primers
Name 5' Sequence 3' Name J' Sequence 3'
Afl ATGACCAGAGGATTGCGRGT Drl =Bov3 GGATGAAGCATCACTCAG
Bfl =Bov21 ATGCGAGTCATGGGGCC Dr2 GGATGAAGCATCACTGTC
Cfl ATGGGGCCGCGAACCSTC Br AGCGCAGGTCCTCGTTC
Bf GAACGAGGACCTGCGCT
Table 5.1: Nucleotide sequence of oligonucleotide primers used for the amplification of full length class 1
transcripts.
5.2.3 3' Rapid Amplification of cDNA Ends (RACE)
The 3-prime ends of the D5 and D3 transcripts were amplified by 3'-RACE (section 2.4.3).
mRNA was converted into cDNA, using the Superscript first-strand synthesis system for RT-
PCR (Invitrogen Ltd, Paisley, UK), as described in section 2.4.2, but using an oligo-dT primer
including a 36bp adapter incorporated in its 3'-end. In the initial amplification step, primers
D5D3frw and adapter 1 were used. D5D3frw was designed to amplify both D5 and D3
sequences and adapter 1 annealed to the adapter of the oligo-dT primer used for cDNA
synthesis (Table 5.2, Fig. 5.3). PCR reactions were carried out in 50 pi final volume containing
49 pi PCR master mix (60 mM Tris-S04, 18 mM ammonium sulphate, 200 pM of each dNTP,
200 nM of each primer and 1U high fidelity Platinum Taq DNA polymerase (Invitrogen Ltd,
Paisley, UK)) and 1 pi cDNA (-150 ng). The thermal cycling profile was: initial denaturation
for 2 min at 94°C, 20 cycles of 1 min at 94°C, 20 sec at 65°C and 2 min at 68°C, and final
extension for 10 min at 68°C.
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The second amplification step was conducted with 2 pi from the first amplification step
and 48 pi PCR master mix (as above), with the forward allele specific primers D5frw or D3frw
and the reverse primer adapter 2, which has 12bp overlap with primer adapter 1 (Table 5.2, Fig.
5.3). The thermal cycling profile was: initial denaturation for 1 min at 94°C, 15 cycles of 1 min
at 94°C, 20 sec at 60°C and 2 min at 68°C, and final extension for 10 min at 68°C.
Forward Primers Reverse Primers
Name 5' Sequence 3' Name 5' Sequence 3'
D5D3frw CCGAGTGAACCTGAACACCGCA OligodTadapter GGCTGTCAACGATACGCTACGTAACGG
CATGACAGTGTTTTTTTTTTTTTTTTTT
D5frw AGGAGGGTGTTGCGGAGAGACA Adapter 1 CGCTACGTAACGGCATGACAGTG
D3frw AAGGAGGGTGTTGCGGAGAGATT Adapter 2 GGCTGTCAACGATACGCTACGTAA
Table 5.2: 3-RACE primers
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5.2.4 Cloning of PCR products and transformation
Full length, partial and 3'-end PCR products generated as described in sections 5.2.2 and 5.2.3
were purified from 0.7% agarose gels, as described in section 2.5.4 and cloned into the pGEM T
Easy vector or the pCR4Blunt TOPO vector (section 2.6.1), as described in section 2.6.2 and
2.6.3, respectively. Cloned PCR products were then used to transform Promega JM109 or
TOP 10 competent cells as described in section 2.7.2 and cultured for selection of white
colonies, as described in section 2.7.3.
5.2.5 Selection of transformed colonies by PCR
White colonies were picked and processed for colony PCR with primers B and Br, as described
in section 2.7.4. Clones containing full length inserts and inserts obtained with primers Cfl and
Br were selected by colony PCR, whereas cloned 3'-RACE PCR products and inserts obtained
with primers Br' and Drl were sequenced without prior PCR screening.
5.2.6 RFLP analyses
Colony PCR products of clones containing full length ovine MHC class I sequences and
amplification products with primers Cfl and Br were screened by restriction fragment length
polymorphism (RFLP), as a means of distinguishing the different sequences prior to the costly
task of sequencing. RFLP genotyping was based on information derived from SSCP and
sequence analyses of exons 2 and 3 (Chapter 3), as shown in figure 5.4. Approximately 260
clones per ram were screened by RFLP. Digestions were conducted, as described in section
2.5.9. The digested DNA fragments were separated in 2% agarose gels (section 2.5.3), except
where better resolution was required, 6% polyacrylamide gels (section 2.5.10) were used.
5.2.7 Sequence analysis
Up to 5 replicates of clones with the same RFLP pattern were picked for sequencing. Plasmid
DNA was recovered and analyzed as described in section 2.3.3 and 2.5.6. Sequencing reactions
and analysis were performed as described in section 2.8. The sequenced clones that matched the
consensus sequence from at least three clones, where available, were stored in glycerol stocks
(section 2.7.5).
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Ram 501
Alu 1 digestion sequence name
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Figure 5.4: Diagramatic representation of the PCR-RFLP patterns associated with the ovine MHC class 1
exons 2 and 3 sequences obtained from rams 501 and 504. Sizes are indicated in base pairs.
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5.3 Results
5.3.1 Amplification of full length class I transcripts
Using the primer pairs shown in table 5.3, PCR products of the expected size were obtained
from cDNA template prepared from rams 501 and 504, (Fig. 5.5 and 5.6). The reverse
transcription (RT) control indicates that the products were not a result of genomic DNA
contamination.
Primer pair PCR product size
Afl-Drl 1135bp
Bfl-Drl 1123bp
Cfl-Drl 1098bp or 1114bp
Cfl-Br 457bp
Br-Drl 674bp or 657bp
Cfl-Dr2 1098 or 1104






1 'Afl-Drl 2? Afl-Drl i
Cfl-Drl Cfl-DrCl RT
, ~ HPf ctr
i
lOObp ' lOObp
501 ladder 504 ladder





Figure 5.5: Agarose gel showing PCR products of the expected size amplified from cDNA prepared from
rams 501 and 504 with primer pairs Afl-Drl and Cfl-Drl (left), Bfl-Drl and Cfl-Dr2 (right). The lOObp
DNA ladder contains fragments from lOObp to lOOObp and an additional band at 1500bp. The RT ctr
controls for genomic DNA amplification.
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lOObp
ladder
501 504 501 504 »
Cfl-Br Br-Drl
Figure 5.6: Agarose gel showing PCR products amplified from cDNA prepared from rams 501 and 504
with primer pairs Cfl-Br and Br-Drl.
5.3.2 3'-RACE PCR products
Since the reverse primer Drl failed to amplify sequences D5 and D3 (section 5.3.6), sequence
data for the 3' untranslated region of D5 and D3 were obtained by 3'-RACE. Using the fully
nested amplification protocol described in section 5.2.3, an amplification product of around




Figure 5.7: Agarose gel showing second step 3'-RACE PCR products.
5.3.3 Cloning and selection of recombinants by PCR
PCR products amplified from cDNA derived from both rams with primer pairs presented in
tables 5.1 and 5.2 were gel purified and ligated into bacterial vectors. Following bacterial
transformation approximately 500 white colonies were screened by colony PCR with primers B
and Br (Fig. 5.8). Sixty positive clones amplified with each of the primer pairs Afl-Drl, Bfl-
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Drl, Cfl-Drl and Cfl-Br and 20 clones amplified with primer pair Cfl-Dr2 were chosen for
PCR-RFLP analysis to identify candidates for sequencing.
toobp
ladder
s - ' I«* f# **### |»»If$*#§#§# "I*81 M ■ *
.. himm •■••• i'ny ». •
Figure 5.8: Agarose gel showing the results of colony PCR on clones containing full length inserts.
5.3.4 PCR-RFLP analysis
A PCR-RFLP method was developed to distinguish between the class I sequences carried by the
rams, prior to sequencing (section 5.2.6). Clones containing full length ovine MHC class 1
sequences and the 457bp product amplified with primers Cfl and Br were genotyped by RFLP
conducted on colony PCR products with primers B and Br. Separation of the restriction
fragments on agarose gels distinguished between all the sequences described in figure 5.4,
except F12 and F8, which required the increased resolution provided by polyacrylamide gels.
The PCR-RFLP genotyping results are presented in table 5.4. Figures 5.9 and 5.10 show the
range of different RFLP patterns associated with the sequences identified in chapter 3.




Ah11 digestion ondRsa I
digestion
Figure 5.9: Polyacrylamide gel showing the range of PCR-RFLP patterns associated with the class 1
transcripts amplified from ram 501.
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t OObp gam j djgestjon
^ A group ^ B group
Figure 5.10: Agarose (a) and polyacrylamide (b,c) gel showing PCR-RFLP patterns associated with the
class I transcripts amplified from ram 504. Digestions with restriction enzymes and groups A and B are
described in figure 5.4.
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5.3.5 Sequencing of 3'-RACE PCR products
Sequencing of 3'-RACE products demonstrated that the Drl primer differed by 3bp at the 3'
prime end from the D5 and D3 sequences due to a 19bp deletion (Fig. 5.11 and 5.12). This
deletion was also found in the F8 and F12 sequences from animal 504. The Dr2 primer used to
amplify full length D5 and D3 sequences (section 5.3.6) was based on these data (Fig. 5.11).
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-primers D5frw, |D3frw| >
20 * 40 60 * 80
D5 : AAGGAGGGTGTTGCGGAGAGACACAGGAACTACCTGGAGGGCACGTGCGTGGAGTGGCTCCGCAGACACCTGGAGAACGG : 80
D3 : | 7TT]...A G CG G T T. . . : 80
100 * 120 * 140 * 160
D5 : GAAGGACACGCTGCTGCGCGCAGACCCTCCAAAGGCACATGTGACCCATCACCCCATCTCTGGCCATGATGTCACCCTGA : 160
D3 : G : 160
* 180 * 200 * 220 * 240
D5 : GGTGCTGGGCCCTGGGCTTCTACCCTGAGGAGATCTCACTGACCTGGCAGCGCAATGGGGAGGACCAGTTGCAGGACATG : 240
D3 : : 240
* 260 * 280 * 300 * 320
D5 : GAGCTTGTGGAGACTAGGCCTTCAGGGGATGGAACCTTCCAGAAGTGGGCAGCCCTGGTGGTGCCTTCTGGAGAGGAGCA : 320
D3 : : 320
* 340 * 360 * 380 * 400
D5 : GAGATACACGTGCCATGTGCAGCATGAGGGGCTTCAGGAGCCCCTCACCCTGAGATGGGAACCTCCTCAGACCTCCTTCC : 400
D3 : A : 400
* 420 * 440 * 460 * 480
D5 : TCACTTCCTCAATGGGCATCATTGTTGGCCTGGTTCTCCTCGTCATGGTGGCTGTGGTGGCTGCAGCTGTGATCTGGAGG : 480
D3 : ... .C : 474
* 500 * 520 * 540 * 560
D5 : AAGAAGTGCTCAGGTGAAAAAAGAGGGACCTATACCCAGGCTTCAAGCAATGACAGTGCCCAGGGTTCTGATGTGTCTCT : 560
D3 : : 554
< primer Dr2-
* 580 * 600 * 620 * 640
D5 : CACGGTTCATAAAGTGTGAGACAGTGATGCTGCATCCCGCTATGTGCCATCAGATCCCCGGACCCCTCTTTCTGAAGCTG : 640
D3 : A : 634
* 660 * 680 * 700 * 720
D5 : CATCTGCACGTGTCTGTGCYCCTAGTAGCATAACGTGAGGAGTTGGGGAGACCGTTCACCCCTGCCCACCGAGCCCCCTC : 720
D3 : A T C : 714
* 740 * 760 * 780 * 800
D5 : CTGCCCTGACCTGTGTTCTCCTCCCTGATCCACTGTCCTGTTCCAGCAGAGACAGGGCTGGGCCGTCTCCATCCCTGTCT : 800
D3 : R : 794
* 820 * 840 * 860 * 880
D5 : TTGCTTCGTATGCACTGAGTAATGATGTCTTATTTCCTTATTGAAAATAAAATCTGTATGTATGAAAAAAAAAAAAAAAA : 880
D3 : : 874
* 900 *
D5 : ACACTGTCATGCCGTTACGTAGCGTATCGTTGACAGCC : 918




Figure 5.11: Alignment of D5 and D3 sequences obtained from 3'-RACE PCR products. Forward
primers D5 and D3 are in bold and boxed, respectively, while reverse primers oligoadapter, adapter 1 and
adapter 2 are in italics, underlined and in bold, respectively. Identities and gaps are indicated by dots (.)
and dashes (-), respectively.
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5.3.6 Sequencing of clones identified by PCR-RFLP
Full length sequence data were obtained from at least three clones representing each of the D5,
D3, CI, CI 1 and C6 transcripts from ram 501 and for F8, F12, H10, F9 and G6 transcripts from
ram 504 (Table 5.4, Fig. 5.12), Initially, PCR-RFLP analysis of clones containing full length
inserts amplified using the forward primers Afl, Bfl and Cfl and the reverse primer Drl
identified a number of clones as D5, D3, F8 or F12. However, most of these clones contained
hybrid sequences with C7 or H10 (Table 5.4). In contrast, PCR products amplified using the
primer pair Cfl-Br were either D5 or D3 for 501 and F8 or F12 for 504 (Table 5.4). On the other
hand, the primer pair Br-Drl did not amplify any of these sequences (Table 5.4). This finding
suggested that the reverse primer Drl was not efficient in amplifying full length sequences of
D5, D3, F8 and F12. Moreover, sequencing data from single clones of F8 and F12 suggested
that due to a 19bp deletion present in these alleles, the Drl primer had a 3bp mismatch with
these sequences in its 3'-end. This finding was also confirmed by 3'-RACE for sequences D5
and D3 (section 5.3.5). For these reasons, the Dr2 primer was designed and full length PCR
products obtained with the primer pair Cfl-Dr2 were cloned and sequenced. All these PCR
products were either D5 or D3 for ram 501 and F8 or F12 for ram 504 (Table 5.4). Two novel
sequences (N1 and N2) were also obtained that had not been previously identified by SSCP and
sequence analyses in chapter 3.
The aligned nucleotide and predicted amino acid sequences are shown in figures 5.12
and 5.13.
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All sequences presented in figure 5.12 had not been reported in databases before the
onset of the current study, as indicated by both an alignment with the previously published
ovine class 1 sequences and a blast search. Another alignment of the sequences with published
human, cattle, dog, murine and ovine class I sequences suggested that they consist of 8 exons
that transcribe the leader peptide (LP) and 5 protein domains. The length of the LP was
uncertain because the forward primers used to amplify those sequences annealed at the
beginning of the LP. As with other species, al, a2 and a3 domains were 90, 92 and 92 amino
acids long, respectively. The transmembrane (TM) domain varied in length between the
different sequences, with most being 35 residues. The D5 sequence had the longest TM domain
at 38 residues, while those of D3, F8 and F12 sequences were intermediate in length at 36
residues (Fig. 5.13). With the exception of sequences G6 and N2, which were truncated by in-
frame stop codons, the cytoplasmic domains were 28 amino acids long (Fig. 5.13).
Three hundred and twenty six of the 1086 nucleotides (30%) of the full length coding
region were diverse (Fig. 5.12). This translates into variation at 151 of the 361 amino acids
(41.8%) (Fig. 5.13). Estimates of genetic distances between sequences ranged between 3.5%
and 20% at the nucleotide level (Table 5.5) and 6.3% to 34.5% at the amino acid level (Table
5.5), with sequences N1 followed by G6 exhibiting the greatest divergence from the other
sequences, especially within exons 2 and 3 (Table 5.5, Fig. 5.12 and 5.13).
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5.4 Discussion
In this chapter, 11 full length and 2 partial MHC class 1 transcripts were cloned and sequenced
from the MHC heterozygous rams 501 and 504. The entire coding region was obtained from all
the highly represented transcripts identified by SSCP in chapter 3 (D5, D3, C7, F8, F12, H10,
F9), with the exception of E2, which is missing the first 150bp. Full length sequence was also
obtained for the C11, C6 and G6 transcripts, which were initially identified in only small
numbers of clones by SSCP. Using the methods described here, full length sequence was not
obtained from the F7, G12 and E9 transcripts initially identified in less than 5 clones analysed
by SSCP or for the C7b transcript identified in chapter 4. However, two previously unidentified
transcripts, N1 and N2, were obtained, raising the number of distinct class I transcripts
identified from the two rams to 17. A search of the nucleotide databases revealed that all 17
transcripts were novel.
The genetic distances between the transcripts and their predicted amino acid sequences
was determined and shown to range from 0.035 to 0.20 at the nucleotide and 0.063 to 0.345 at
the amino acid level (Table 5.5). This reflects the range of classical and non classical class I loci
represented. A similar observation of high numbers of class I loci has also been made for the
horse MHC and authors suggested that there are four putative non classical horse MHC class I
loci (Ellis et al. 1995; Holmes et al. 1999).
Failure to obtain sequence data for the entire coding region of the genes F7, G12, E9
and C7b is likely to reflect the limited abundance of these transcripts. This is supported by the
findings presented in chapter 3, where no more than 3 clones were obtained for F7, G12, E9 and
the C7b transcript was not identified in the 180 clones analysed. Alternatively, failure to amplify
full length sequences may result from unresolved diversity in the primer annealing sites or from
a variety of factors involved in a multiplex PCR reaction, including competition between
different amplification products for primers and reagents during amplification. Ideally, RACE
technology should be applied to provide sequence data for the 3' and 5' ends of all the class I
genes described here. This would provide sequence covering of all primer binding sites and
could therefore clarify whether some transcripts were not identified in chapter 3 due to primer
mismatches.
The majority of the full length class I transcripts described here (Fig. 5.13) have a
typical MHC class I exon structure, with nothing to suggest that they are not capable of
translating functional class I molecules. By comparison with sequences available from human
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(Geraghty et al. 1987; Malissen et al. 1982; http://sdmc.krdl.org.sg:8080/fimm/), murine (Evans
et al. 1982; Steinmetz et al. 1981a) and bovine (Bensaid et al. 1991; Brown et al. 1989;
http://www.projects.roslin.ac.uk/bola/) class I genes, each ovine class I transcript appears to be
composed of eight exons that translate the leader, al, al and a3 extracellular domains, a
transmembrane and a cytoplasmic domain. As expected, most of the nucleotide diversity is
situated in the al and a2 domains encoding amino acids that bind antigenic peptides or interact
with the T cell receptor (Bjorkman et al. 1987a; Fig. 5.13). All the sequences include features
important for functional antigen presenting molecules, including a conserved site for N-linked
glycosylation at positions 86-88 and cysteine sites for intradomain disulfide bond formation at
positions 101, 164, 203 and 259 (Bjorkman et al. 1987a). With the exception ofNl, N2 and G6,
all sequences contain a conserved site for phosphorylation at positions 330-334 (Garber et al.
1994; underlined in Fig. 5.13). These sequences also include conserved residues found in all
class I molecules from mammals, birds, reptiles, amphibians and fish (Grossberger and Parham,
1992; in bold in Fig. 5.13) which are thought to be essential for maintaining the architecture of
antigen presenting molecules.
In contrast, the Nl, N2 and G6 transcripts include features associated with non classical
class I molecules. In particular, sequences G6 and N2 each contain an early stop codon situated
in the region encoding the cytoplasmic domain. This results in truncated proteins deprived of
the conserved phosphorylation site at positions 330-334 (Guild and Strominger, 1984). The
sheep class I sequence with accession number U03094 contains an identical cytoplasmic domain
to G6 and differs from G6 by only 3bp, suggesting that these sequences may be alleles of the
same locus. Furthermore, sequence G6 was identified in only 2 out of 180 clones analyzed by
SSCP, suggesting that it is transcribed at low levels in PBMC. A truncated cytoplasmic domain
and low levels of transcription are features of non classical class I genes (Braud et al. 1999; Lew
et al. 1987; Ulker et al. 1990), suggesting that G6 and N2 are candidates for non classical loci.
Similarly, the Nl transcript, which was also not identified during the SSCP analysis
described in chapter 3 is a candidate for a non classical locus. Since the entire coding region of
Nl was obtained, it is clear that polymorphism within the primer binding sites was not the
reason for the earlier failure to identify this transcript (Fig. 5.12). It is likely that Nl is
transcribed at very low levels in peripheral blood cells and for that reason it was not detected in
chapter 3. Furthermore, sequence Nl is the most divergent sequence (Table 5.5) and differs in
areas otherwise conserved in all other ovine MHC class I sequences (Fig. 5.12, 5.13). Nl may
represent a non classical class I like gene that has accumulated a large number of mutations
associated with a novel function (Hugh and Nei, 1989). Indeed, two putatively non classical
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MHC class I genes identified in cattle were found to be relatively more divergent than classical
bovine MHC class I genes (Holmes et al. 1999; 2003).
Additional evidence for the non classical nature of sequences N1 and G6 comes from
nucleotide composition characteristics. The lowest third position G+C content of exons 2 and 3
is observed in sequence N1 (78.3%) and the second lowest is that of sequence G6 (85.6%),
whilst the corresponding content for all other sequences described here is over 86.2%. In almost
every case, as genes become non classical or pseudogenes, the third position G+C content in
exons 2 and 3 tends to be reduced in comparison with that in classical genes and that reduction
is greater in genes that are highly divergent from classical genes (Hugh and Nei, 1989).
Therefore, N1 may represent an evolutionary ancient non-classical gene, whereas G6 may
represent a non-classical gene that evolved from duplication of a classical gene more recently.
It has been suggested that exons 4 to 8 contain locus defining motifs in other species
(Cadavid et al. 1997; Garber at al. 1994, Holmes and Ellis, 1999; Parham et al. 1989). The class
I sequences presented in this chapter could be divided into 3 distinct groups based on the length
of the transmembrane domains suggesting that they represent alleles at a minimum of three
distinct loci if there no genetic interlocus recombination. The differences in length between
ovine MHC molecules may have a biological significance in terms of function. When the
haplotype data from chapter 4 and phylogenetic analysis in chapter 6 are combined, a more
accurate picture of the number of ovine MHC class I loci, and the extent of allelic diversity and
haplotype variability will emerge.
In summary, 9 full length ovine MHC class I sequences encoding molecules with
characteristics associated with functional antigen presenting proteins and 2 full length and one
partial class 1 sequence with characteristics consistent with non classical class I loci or
pseudogenes were obtained through the work described in this chapter. Additional evidence
regarding the classical or non-classical nature of these genes could be obtained through a study
of their polymorphism, cellular distribution, cellular location and evolution.
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Chapter 6. Phylogenetic analysis of ovine MHC class I
sequences
6.1 Introduction
The previous chapters describe the identification of 11 full-length and 6 partial MHC class 1
transcripts from two rams and the assignment of those transcripts to four haplotypes. In chapter
5, some putative locus specific characteristics were identified in exons 4 to 8, which encode the
more conserved a3, transmembrane and cytoplasmic domains. However, assignment of the
transcripts to loci could not be accomplished by sequencing alone.
In some species, MHC class I sequences group into discrete, well supported groups that
correspond to loci, whereas in others such correlation is more problematic. Class I sequences
from human, pig, dog and non-human primates such as gorilla and chimpanzee contain locus-
specific features and can therefore be assigned to certain loci merely by sequencing (IPD MHC
database; http://www.ebi.ac.uk/ipd/mhc/dla/index.html). In contrast, identification of distinct
equine class I loci was initially problematic and required phylogenetic analysis of class I
sequences not only from horse, but also from related species (Holmes and Ellis, 1999). In
addition, similar analysis of bovine class I sequences with closely and distantly related species
suggested that there are at least from four to six classical class I loci (Holmes et al. 2003).
However, although phylogenetic groups were identified in this analysis, bovine MHC class I
loci could not be clearly defined.
The number of class I loci in the ovine MHC complex is also not clear. Moreover, the
limited sequence data available has not allowed a phylogenetic analysis of ovine MHC class I
sequences. The work described in this chapter aimed to construct phylogenetic trees using the
identified transcripts as well as ovine and other ruminant class I sequences available in the
literature. The analysis was expected to facilitate determination of the number of ovine class I
loci, examine the phylogenetic relationships among class I sequences within and between
species and provide more insight into the classical or non-classical nature of the transcribed
sequences from the rams.
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6.2 Materials and Methods
6.2.1 Sequences
Phylogenetic analysis of ovine class I sequences was performed with eleven full-length and two
partial sequences identified in the previous chapters, ten published sequences obtained from
GenBank and four unpublished full-length sequences (Blacklaws B., University of Cambridge,
Cambridge, UK; Table 6.1). The partial ovine class I sequences E9, C7b, F7 and G12 were not
included in the analysis, because they are restricted to the highly variable exons 2 and 3
(chapters 3 and 4).
Published class I sequences from the Bovidae species Bos taurus (domestic cattle), Bos
indicus (African Boran cattle), Syncerus caffer nanus (dwarf forest African buffalo), Bison
bonasus (bison), Bubalus bubalis (water buffalo), Bos gaurus (gaur), Bos grunniens (yak),
Tragelaphus speckii (sitatunga), Tragelaphus strepsiceros (greater kudu), Tragelaphus angasii
(nyala) and Sus scrofa (domestic pig) were also used for phylogenetic analysis (Table 6.1).
6.2.2 Phylogenetic analysis
Nucleotide sequences were aligned using the MegAlign program (DNASTAR, Madison WI), as
described in section 2.8.3. Neighbour-Joining phylogenetic trees (Saitou and Nei, 1987; section
2.8.5) were constructed, using either genetic distances of the entire coding regions calculated by
the Kimura two parameter method (Kimura M. 1980) or p distances of exons 4 through 8
(section 2.8.4). The swine sequences AF014001, AF014002 and AF014006 were used as an
outgroup to root the trees. Phylogenetic analysis was performed using MEGA2.1 software
(Kumar et al. 2001).
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Ovis aries OLA 501 A_D5 1-8 or 4-8 AJ874673
Ovis aries OLA 501BD3 1-8 or 4-8 AJ874674
Ovis aries OLA 501 A_C7 1-8 or 4-8 AJ874675
Ovis aries OLA 501BE2 2-8 or 4-8 AJ874676
Ovis aries OLA 501BC6 1-8 or 4-8 AJ874677
Ovis aries OLA 501 AC 11 1-8 or 4-8 AJ874678
Ovis aries OLA 504C_F8 1-8 or 4-8 AJ874679
Ovis aries OLA 504D_F12 1-8 or 4-8 AJ874680
Ovis aries OLA 504D_H10 1-8 or 4-8 AJ874681
Ovis aries OLA 504DF9 1-8 or 4-8 AJ874682
Ovis aries OLA 504CG6 1-8 or 4-8 AJ874683
Ovis aries OLA N1 1-8 or 4-8 unpublished
Ovis aries OLA N2 4-8 unpublished
Ovis aries OLA M34673 4-8 M34673
Ovis aries OLA M34674 4-8 M34674
Ovis aries OLA M34675 4-8 M34674
Ovis aries OLA M34676 1-8 or 4-8 M34676
Ovis aries OLA U03092 1-8 or 4-8 U03092
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Ovis aries OLA U03093 1-8 OOJ-HO U03093
Ovis aries OLA U03094 1-81 or 4-8 U03094
Ovis aries OLA AY 188824 4-8 AY 188824
Ovis aries OLA AY188825 4-8 AY 188825
Ovis aries OLA AY 188826 4-8 AY 188826
Ovis aries OLA Cambridge 1 1-8 OOiu.O unpublished
Ovis aries OLA Cambridge 2 1-8: or 4-8 unpublished
Ovis aries OLA Cambridge 3 1-8: or 4-8 unpublished
Ovis aries OLA Cambridge 4 1-8; or 4-8 unpublished
Bos taurus BoLA 3349.1 4-8 AJ010862
Bos taurus BoLA 4221.1 4-8 AJ010865
Bos taurus BoLA A10 4-8 M69206
Bos taurus BoLA BL3-6 4-8 M21044
Bos taurus BoLA BL3-7 4-8 M21043
Bos taurus BoLA BSA 4-8 L02832
Bos taurus BoLA BSC 4-8 L02833
Bos taurus BoLA BSF 4-8 L02834
Bos taurus BoLA BSN 4-8 L02835
Bos taurus BoLA BSX 4-8 U01187
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Bos taurus BoLA D18.1 4-8 Y09205
Bos taurus BoLA D18.2 4-8 Y09206
Bos taurus BoLA D18.3 4-8 Y09207
Bos taurus BoLA D18.4 4-8 Y09208
Bos taurus BoLA D18.5 4-8 AJ010867
Bos taurus BoLA HD1 4-8 X80933
Bos taurus BoLA HD6 4-8 X80934
Bos taurus BoLA HD7 4-8 X80935
Bos taurus BoLA LID 15 4-8 X80936
Bos taurus BoLA JSP.l 4-8 X92870
Bos taurus BoLA KN104 4-8 M69204
Bos taurus BoLA MAN1 4-8 AJO10863
Bos taurus BoLA MAN2 4-8 AJ010861
Bos taurus BoLA MAN3 4-8 AJ010864
Bos taurus BoLA MAN8 4-8 AJ010866
Bos taurus BoLA pBoLAl 4-8 M24090
Bos taurus BoLA pBoLA4 4-8 X97647,
X97648,
X97649
Bos indicus Boran M69204 4-8 M69204
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Bos indicus Boran M69206 4-8 M69206
Bos indicus Bo ran AY 188799 4-8 AY 188799
Bos indicus Boran AY188801 4-8 AY188801
Bos indicus Boran AY188802 4-8 AY188802
Bos indicus Boran AY188803 4-8 AY188803
Bos indicus Boran AY 188804 4-8 AY 188804
Bos indicus Boran AY 188805 4-8 AY 188805
Bos indicus Boran AY188806 4-8 AY 188806
Syncerus caffer nanus Fbuff AY188810 4-8 AY188810
Syncerus caffer nanus Fbuff AY18881 1 4-8 AY 18881 1
Bison bonasus Bison AY 188808 4-8 AY 188808
Bison bonasus Bison AY188809 4-8 AY188809
Bubalus bubalis Wbuff AY188812 4-8 AY188812
Bubaius bubalis Wbuff AY188813 4-8 AY 188813
Bos gaurus Gaur AY188814 4-8 AY 188814
Bos gaurus Gaur AY188815 4-8 AY 188815
Bos grunniens Yak AY188827 4-8 AY 188827
Bos grunniens Yak AY188828 4-8 AY188828
Tragelaphus speckii Sit AY 188816 4-8 AY 188816
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Tragelaphus speckii Sit AY 188817 4-8 AY188817
Tragelaphus speckii Sit AY188818 4-8 AY188818
Tragelaphus speckii Sit AY 188819 AY188819
Tragelaphus speckii Sit AY 188820 4-8 AY 188820
Tragelaphus speckii Sit AY 188821 AY188821
Tragelaphus speckii Sit AY 188822 4-8 AY 188822
Tragelaphus strepsiceros Kudu AY 188823 4-8 AY 188823
Tragelaphus angasii Nyala AY 188829 4-8 AY188829
Tragelaphus angasii Nyala AY 188830 4-8 AY188830
Tragelaphus angasii Nyala AY188831 4-8 AY188831
Sus scrofus SLA AFO14001 4-8 AFO14001
Sus scrofus SLA AFO14002 4-8 AFO 14002
Sus scrofus SLA AFO14006 4-8 AFO14006
Table 6.1: Sequences used for phylogenetic analysis. Names of sequences identified in this study are
presented as haplotype ram name (chapter 4), where available, followed by sequence name or as
published names for bovine sequences, or as accession numbers for the remaining sequences.
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6.3 Results
6.3.1 Sequence alignments
The entire coding regions or exons 4 through 8 of transcripts identified in this study, along with
previously published and four unpublished ovine MHC class I sequences (Table 6.1) were
aligned prior to construction of phylogenetic trees (Appendix 2.1). In addition, an alignment of
exons 4 through 8 of all available ovine MHC class I sequences with published bovine or other
bovid sequences reported in GenBank was generated and is presented in Appendix 2.1. An
alignment of the predicted amino acid sequences of available ovine MHC class I sequences is
presented in figure 6.1.
From a phylogenetic prespective, an interesting feature of the aligned amino acid
sequences was the observed variation in length of the transmembrane (TM) domain. Sequences
were differentiated into four groups on this basis, with the majority encoding 35 residues (red
box, Fig. 6.1). Sequences D5, M34676, Cambridge 1, 2 and 4 had the longest TM domains at 38
residues (blue box, Fig. 6.1), while the D3, F8, F12 and Cambridge 3 sequences were
intennediate in length at 36 residues (green box, Fig. 6.1). With the exception of AY 188825,
sequences with TM 35 residues in length were aligned with the group of sequences with the
longest TM by including gaps at position 284-285 and 295 (Fig. 6.1), whereas sequence
AY 188825 incorporates a gap at position 307 instead of 295. Sequence U03094, which encodes
a TM region with 38 amino acids, contains a duplication (VVAVVA) at positions 301-306 that
could be attributed to a sequencing error, as it is present in no other ovine or bovid class I
sequence. For this reason, U03094 was also grouped with the sequences encoding TM regions
of 35 residues (red box, Fig. 6.1).
Variation in sequence length was also observed due to in-frame stop codons in the
cytoplasmic domain (CT) of G6, U03093 and N2 (yellow boxes, Fig. 6.1). These sequences
encode truncated CT domains with 12, 12 and 24 fewer residues respectively than the CT region
of the remaining sequences, which were 28 amino acids long.
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6.3.2 Phylogenetic analysis
The relationships between the ovine class I sequences were visualized by constructing
Neighbour-Joining (NJ) phylogenetic trees using, where available, the entire coding regions
(Fig. 6.2), or exons 4 through 8 (Fig. 6.3), encoding the a3, transmembrane and cytoplasmic
domains. Although swine sequences were expected to root these trees, sequence N1 appears the
most divergent overall in the tree presented in Fig. 6.2. In contrast, when the influence of
positive selection on tree topology was excluded by confining the analysis to exons 4 to 8, the
swine class I sequence appears as the clear outgroup rooting the tree, as shown in Fig. 6.3. For
this reason, phylogenetic trees of available ovine and published bovine (Fig. 6.4) or of all
available bovid MHC class I sequences (Fig. 6.5) were constructed using only exons 4 though 8.
Although firm phylogenetic groups that clearly correspond to different ovine class 1 loci
were not defined, some clusters of closely related sequences that could correspond to one or two
related loci were apparent. In particular, with the exception of Nl, the full length sequences
grouped into four distinct clusters (Fig. 6.2), while phylogenetic analysis using exons 4 through
8 distinguished the sequences into five clusters (Fig. 6.3). Clusters 1 and IV of the phylogenetic
tree presented in Fig. 6.2 were similar to those shown in Fig. 6.3. With the exception of the
Cambridge 2 sequence, clusters I and IV contained exactly the same sequences in both trees,
thus strengthening their designation as putative distinct loci. The Cambridge 2 sequence located
to cluster II in figure 6.2 and segregated with the sequences of cluster I in figure 6.3, suggesting
that its exons 4 to 8 were more similar to the remaining Cambridge sequences.
Restriction of the analysis to exons 4 through 8 (Fig. 6.3) rearranged the topology of
sequences in clusters II and III observed in Fig. 6.2. C7 segregated with the partial sequences
M34675 and AY188826 in cluster Ili, whereas E2 and H10 segregated with U03094 in cluster
Ilii, suggesting that these sequences may represent at least two additional loci (Fig. 6.3).
Sequences M34674, U03092, Nl and N2 grouped in cluster V in Figure 6.3, while the partial
class I sequences M34673 and AY188824 also segregated together, but distinct from clusters I,
Hi, Ilii, IV and V, suggesting that these may represent alleles at a sixth locus. The sequence
AY 188825 appeared relatively deep on the phylogenetic tree and was quite divergent from the
other sequences. It may therefore represent a non-classical locus. However, no firm assertions
can be made for this sequence, or for clusters Ilii, III and V, as the confidence values attached to
the corresponding nodes were low.
Further evidence regarding the number of ovine class I loci was obtained by
constructing phylogenetic trees of class 1 sequences from related species. In particular, trees
134
Chapter 6. Phylogenetic analysis of ovine MHC class I sequences
were constructed using exons 4 through 8 of ovine and bovine (Fig. 6.4) or of all available
bovid MHC class I sequences (Fig. 6.5). The identity and topology of sequences grouped with
high confidence values in clusters I, Hi and IV in the tree presented in figure 6.3 were almost
identical to those appearing in figures 6.4 and 6.5, further supporting their designation as
distinct loci. The E2, H10 and U03094 sequences also consistently segregated together in
cluster Ilii, suggesting that they may represent sequences at a fourth locus. In addition, although
the partial sequences M34673 and AY188824 (cluster III; Fig.6.3) appeared between clusters I
and Ilii in all trees, their relatively long branches in figure 6.3 and their topology as independent
sequences in figures 6.4 and 6.5 suggest that these sequences are relatively divergent from the
previously described loci and may therefore represent alleles of at least one additional locus.
Moreover, sequences N1 and N2 were consistently located deep in the trees (cluster V; Fig. 6.4
and 6.5) together with the non classical bovine class I sequence HD15, and may therefore
represent alleles of one or two distant non-classical loci. Similarly, M34674, U03092 and
AY 188825 show no clear relationship to any ovine cluster and may thus represent distant class I
like genes.
The relationships of ovine with bovine or with other bovid MHC class I sequences can
be visualized in the trees presented in figures 6.4 and 6.5. Bovine and other bovid class I
sequences segregated in three distinct large groups of sequences designated as groups a-c. The
relative position of these groups to the clusters containing ovine class I sequences was
uncertain, as the topology for the groups was not supported by high confidence values. The
identity and topology of bovine class 1 sequences within each group, however, was almost
identical in both trees (Fig. 6.4 and 6.5). Some bovine class I sequences were closely related to
those of other bovid species, for example boran cattle, and bison and nyala (asterisks (*), Fig.
6.5), suggesting that these sequences may represent alleles from orthologous loci. In contrast,
with the exception of N1 and N2, ovine class I sequences did not segregate with those of other
bovid species (Fig. 6.5). Sequences N1 and N2 segregated with HD15 and AY 18829, the
putative non-classical genes of cattle and nyala (Holmes et al. 2003), whereas the remaining
ovine class I clusters contained MHC sequences exclusively from sheep. However, cluster Ilii
and independent sequences M34674, U03092 and AY 188825 seemed to be more closely related
to class I sequences from other bovid species than to the remaining sheep sequences, although
this topology was weakly supported by boostrap values (Fig. 6.4 and 6.5).
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Figure 6.2: Neighbor-Joining phylogenetic tree showing the relationships between the entire coding
regions of transcripts identified in this study, along with previously published and four unpublished ovine
MHC class I sequences. Sequence names are presented as shown in Table 6.1. The tree is rooted by the
swine MHC class I sequence AF14002. Bootstrap values exceeding 70% representing the confidence
attached to each node are shown.
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Figure 6.3: Neighbor-Joining phylogenetic tree showing the relationships between exons 4 through 8 of
transcripts identified in this study, along with previously published and four unpublished ovine MHC
class I sequence . Sequence names are presented as shown in Table 6.1. The trees are rooted by the swine
MHC class I sequence AFO14002. Bootstrap values exceeding 70% representing the confidence attached
to each node are shown.
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Figure 6.4: Neighbor-Joining
phylogenetic tree showing the
relationships between exons 4
through 8 of ovine and bovine
MHC class 1 sequences.
Sequence names are presented as
shown in Table 6.1. Bootstrap
values exceeding 70%
representing the confidence
attached to each node are shown.
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Figure 6.5: Neighbor-Joining
phylogenetic tree showing the
relationships between exons 4
through 8 of available bovid
MHC class 1 sequences.
Sequence names are presented as
shown in Table 6.1. Bootstrap
values exceeding 70%
representing the confidence
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6.4 Discussion
Sheep belong to a major branch of mammals that diverged from mice and humans 60 million
years ago (Gingerich D. 1977). Based on mammalian phylogeny, the domestic sheep, Ovis
aries, are ungulates belonging to the Artiodactyla, an order closely related to Perissodactyla
within the Laurasiatheria branch of mammals (Murphy et al. 2001). The Artiodactyla order
includes species with even numbers of toes, such as pigs, camels, ruminants and
hippopotamuses, whereas Perissodactyla include species with odd numbers of toes, such as
horses and rhinoceroses (Amason et al. 2002). The ruminants constitute the largest group of
ungulates with over 190 species and are traditionally divided into six families: Antilocapridae,
Bovidae, Cervidae, Giraffidae, Moschidae and Tragulidae. Sheep belong to the Caprinae
subfamily of the Bovidae family, which also includes the domestic artiodactyl species Bos
taurus (cow) and Capra hircus (goat) (Gatesy et al. 1997).
Given that MHC class I alleles of orthologous loci from different species are sometimes
phylogenetically closer to alleles from distinct loci of the same species (Boyson et al. 1996;
Gutierrez-Espeleta et al, 2001), phylogenetic analysis of class I sequences from related species
could provide information on the relationships and functional significance of ovine class I loci.
A study of the evolution of MHC class I genes in Artiodactyls revealed no species-specific
groups of sequences, with the exception of giraffe sequences, which form a species-specific
cluster situated deep in the tree (Holmes et al. 2003). The authors suggested that diversification
of MHC lineages in Artiodactyls occurred after the divergence of giraffe, but before the
appearance of the subfamily Bovinae. For that reason, in the work described in this chapter, the
ovine class I sequences identified from the rams were compared with published ruminant class I
sequences derived from the family Bovidae.
This analysis revealed three distinct well supported clusters of sequences (I, Ili, and IV;
Figs. 6.3, 6.4), along with three additional clusters that, although supported by low confidence
values, include sequences that consistently segregate together in the phylogenetic trees, (clusters
Ilii, III and V; Figs. 6.3, 6.4) and a number of branches with one or two sequences distantly
related to the clusters (Figs. 6.2-6.4). The tree topology supports the haplotype assignment of
individual sequences from rams 501 and 504 (chapter 4), with each sequence within a haplotype
being associated with a different cluster (Figs. 6.2-6.4).
In the majority of cases, the segregation of the ovine class I sequences is also in
concordance with their estimated level of transcription (chapter 3). The higher frequency
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sequences D5, D3, F8 and F12 group in cluster I (Figs. 6.2-6.5) with the also highly transcribed
M34676 (Grossberger et al. 1990), suggesting that this cluster contains alleles of a highly
expressed classical class 1 locus. Similarly, the lower frequency sequences C6, CI 1, F9 and G6
group in cluster IV (Fig. 6.2-6.5), which could be a poorly expressed non-classical locus. These
observations are consistent with correspondence of these clusters to individual loci.
When additional sequences become available, however, clusters I and IV may be further
divided. In this regard, cluster I sequences D5, M34676, and Cambridge 1, 2 and 4 encode TM
domains that are two residues longer than the remaining sequences in the cluster (Figs. 6.1; 6.3
and 6.4). In line with the observation that TM length tends to be conserved within bovine class I
loci (Garber et al. 1994), these sequences may represent alleles at a distinct locus. However, the
Cambridge 2 sequence seems to be quite divergent from the other sequences in the cluster and
does not segregate in the tree with those sequences also having TM domains at 38 residues. The
ovine class I sequences designated as Cambridge 1-4 were obtained by PCR and were not
confirmed by sequencing of at least three identical copies (Blacklaws B., University of
Cambridge, Cambridge, UK, personal communication). Given the large number of hybrid class
I sequences observed in the present study, and the observation that the Cambridge 2 sequence
contains features from both clusters I and II, it is possible that it is also a PCR artifact. The well
supported segregation of the entire coding region of Cambridge 2 with sequences in cluster II
(Fig. 6.2), while exons 4 through 8 group with sequences in cluster I, also with high confidence
values (Fig. 6.3), further supports the contention that this sequence is a hybrid of at least two
other ovine class I sequences. However, it could also be an allele produced by inter-locus
recombination as has been observed for bovine class I sequences (Holmes et al. 2003).
Based on phylogeny and the length of the C domain, sequences in cluster IV may also
be subdivided further into a classical and a non-classical locus (Fig. 6.1-6.5). Phylogenetic
analysis clusters G6 and U03094 very tightly in cluster IV and separates them from the
remaining sequences in the cluster by a long branch (Fig. 6.2-6.5). Furthermore, both of these
transcripts contain an early stop codon within the cytoplasmic domain (yellow box, Fig. 6.1)
and evidence from chapters 3 and 5 strongly suggests that they are alleles of a non-classical
locus. In contrast, although transcription levels (chapter 3) and discrimination motifs (VPI or IPI
at positions 281-283, underlined in Fig. 6.1; Holmes et al. 2003) suggest that transcripts C6,
Cll and F9 could be also non-classical, haplotype assignment in chapter 4 and phylogenetic
analysis presented herein indicate that they represent polymorphic alleles at a single locus,
which questions their non-classical nature. A number of classical bovine class I loci expressed
at levels significantly lower than usual have been described, although this was not a locus
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specific phenomenon (reviewed by Ellis S. 2004) and, in humans, alleles of the HLA-C locus
exhibit less polymorphism (Falk and Schendel, 1997) and are expressed at significantly lower
levels than those at HLA-A and HLA-B (Snary et al. 1977; McCutcheon et al. 1995).
When the analysis was extended to all Bovidae MHC class I sequences, none of the
ovine class I clusters described above included sequences from orthologous loci of other bovid
species. Although some sheep sequences were more related to those of cattle, they were
separated by quite long branches and it is unlikely that they represent alleles from orthologous
loci. This finding could be attributed to the use of sequences from bovid species largely
belonging to the earliest diverging Bovinae subfamily (Matthee and Davis, 2001). For example,
the analysis included no class I sequences from the Caprinae subfamily other than those derived
from sheep, due to unavailability of such data in public databases. Therefore, a more accurate
estimate of the number of ovine MHC class I loci may be achieved in the future by greatly
expanding the number of class 1 sequences with additional ovine and other Caprinae subfamily
sequences. However, experience from phylogenetic analysis of MHC class I sequences from
Artiodactyls suggests that assignment of alleles to loci in ruminants is not as straightforward as
in humans, due to inter-locus recombination (Holmes et al. 2003). It is therefore possible that
proper ovine class I allele designations will ultimately be confirmed only by physical mapping.
Since it is likely that cluster I contains sequences from two highly expressed classical
loci, while cluster IV may be divided into a classical and a non classical locus, the transcripts
identified in this study may represent alleles of seven or eight loci, of which at least three are
classical. Given that some published sequences failed to cluster with our transcripts, the number
of ovine MHC class I loci may exceed eight. These results suggest a complexity similar to that
found in the bovine MHC class I region, where a combination of phylogenetic analysis (Holmes
et al. 2003), mapping (Bensaid et al. 1991; DiPalma et al. 2002), expression studies (Ellis et al.
1996; 1999) and identification of locus-specific motifs from introns has provided evidence for at
least six expressed loci (Ellis S. 2004). However, the results obtained to date for the ovine MHC
class 1 region are based only on transcribed genes, some of which may not be expressed. The
work described in the following chapter aimed to determine if those transcripts are capable of
translation into functionally folded molecules on the surface of mammalian cells.
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Chapter 7. Transfection of ovine MHC class I
transcripts
7.1 Introduction
In the previous chapters, 6 partial and 11 full length ovine MHC class I transcripts were
identified and assigned to four haplotypes. Their exons 4 to 8, where available, were grouped
into five distinct clusters, suggesting that excluding the partial transcripts they represent alleles
of at least five class I loci. However, the evidence for transcription of these genes does not
confirm that their products are expressed at the cell surface as functional molecules.
The process whereby genes are artificially transferred into mammalian cells is known as
transfection and can provide essential information regarding the expression and function of a
gene. It is particularly useful for the study of eukaryotic proteins that are not expressed
efficiently or folded correctly in prokaryotic systems, as well as for those that require
posttranslational modifications and targeting to the cell surface (Sambrook et al. 1989), such as
MHC glycoproteins.
Transfection of cloned genes encoding major histocompatibility molecules has been
used to identify functional class I molecules in many species including human, pig, cattle and
mouse (Goodenow et al. 1982; Lemonnier et al. 1982; Sawhney et al. 1995; Singer et al. 1982).
Although transfected L cell lines expressing ovine MHC class II heterodimers have been
generated (Ballingall et al. 1992; Ballingall et al. 1995; Wright and Ballingall, 1994),
transfection and expression of ovine MHC class I molecules has not been described previously.
Therefore, to date, the number of expressed ovine MHC class I loci has only been estimated by
serology.
The work described in this chapter sought to determine if the highly transcribed class I
sequences D5, D3 and C7 from ram 501 and F8 and F12 from ram 504, which are strong
candidates for genes encoding classical antigen presenting molecules, can be expressed on the
surface of mammalian cells. In addition, since three full-length genes (D5, C7 and C11) were
available for the 501 haplotype A and another three (F12, H10 and F9) for the 504 haplotype D
(chapter 4; Fig. 4.18), the poorly transcribed sequences CI 1, H10 and F9 were also transfected
into mammalian cells to identify the number of sequences that can be expressed from a single
haplotype and whether there is variation in the number of putatively expressed genes between
haplotypes. The partial transcripts F7 and G12 identified in both haplotypes were strong
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candidates for non-classical class 1 genes (chapter 4) and were not analyzed further by
expression analysis.
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7.2 Materials and methods
7.2.1 PCR amplification
The full length ovine MHC class I sequences D5, D3, C7 and CI 1 from ram 501 and F8, F12,
H10 and F9 from ram 504 were amplified from the pGEM-T Easy vector and sub-cloned into
the pcDNA3.1/V5-His-TOPO plasmid vector to generate mammalian expression constructs.
Each plasmid DNA was prepared as described in section 2.3.3 and amplified with one
forward and two reverse sequence-specific primers (Table 7.1; Fig. 7.1). All forward primers
annealed at the first exon of each sequence and contained the kozak sequence CACC (Kozak S.
1987; 1990) and one initiation codon for efficient expression in mammalian cells. All reverse
primers annealed at the 5' end of each sequence just before the 3' untranslated region, because
sequences within that area have been shown to destabilize transcribed mRNAs from mammalian
expression vectors (Sambrook et al. 1989). The reverse primers denoted with A contained the
codon TTT instead of the stop codon at the 5'-end. In this way, the amino acid lysine is
translated and the open reading frame of the class I sequence is in frame with the C-terminal tag
of the pcDNA3.1/V5-His-TOPO vector, which can be detected by the anti-His antibody
(Lindner et al. 1997). In contrast, the reverse primers denoted with B contained a stop codon
and an additional base (G) at the 5'-end so that the translation of the protein is terminated at that
point and the remaining sequence of the vector is out of frame.
PCR reactions were carried out in 50pl final volume containing 49 pi PCR master mix
(60 mM Tris-S04, 18mM ammonium sulphate, 200 pM of each dNTP, 200 nM of each primer
and 1U high fidelity Platinum Taq DNA polymerase (Invitrogen Ltd, Paisley, UK)) and lpl
(~50 pg) plasmid DNA. The cycling profile was 25 cycles of 1 min at 94°C, 20 sec at 60°C and
2 min at 68°C, and one cycle of 1 min at 94°C, 20 sec at 60°C and 10 min at 68°C.
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Forward Primers Reverse Primers
Target
sequence

































Table 7.1: Primers used for amplification of full length ovine MHC class 1 sequences prior to sub-cloning
into the pcDNA3.1/V5-His-TOPO vector.
7.2.2 Cloning of PCR products and transformation
PCR products of the appropriate size were excised from 0.7% agarose gels, as described in
section 2.5.4 and cloned into the pcDNA3. l/V5-His-TOPO plasmid vector (Invitrogen Ltd,
Paisley, UK, Appendix 1.3), as described in section 2.6.3. The cloned PCR products were then
transformed into TOP 10 competent cells, as described in section 2.7.2 and cultured for selection
of transformed cells (sections 2.7.3 and 2.7.4).
7.2.3 Sequence analysis
For each ovine MHC class I insert, 3-5 replicates of clones were picked for sequencing. Plasmid
DNA was recovered and analyzed as described in sections 2.3.3 and 2.5.6. Sequencing reactions
and analysis were performed as described in section 2.8. The sequences were compared with the
consensus of each ovine MHC class I sequence identified in chapter 5 and sequenced clones that
contained no Taq polymerase errors were stored in glycerol stocks (section 2.7.5).
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7.2.4 Preparation of plasmid DNA for transfection
Mammalian expression plasmids containing each of the full length ovine MHC class I sequence
were purified as described in section 2.3.3 and the nucleic acid concentrations were estimated
(sections 2.5.1, 2.5.5 and 2.5.6) and adjusted to 0.5pg/pl after ethanol precipitation (section
2.5.7).
7.2.5 Preparation of COS-7 cells for transfection
A vial of frozen COS-7 cells was retrieved from liquid nitrogen as described in section 2.9.6 and
cultured for 36 hours (section 2.9.4). The cells were passaged using a 1:5 ratio just prior to
confluence (section 2.9.5) 24h before transfection.
7.2.6 Transfection and expression analysis
Aliquots (5xl05) of COS-7 cells were transfected with lOpg of pcDNA3.1/V5-His-TOPO
plasmid vector containing each of the full length ovine MHC class I sequences D5, D3, C7 or
Cll from ram 501 and F8, F12, H10 or F9 from ram 504 (section 2.10.1). Transfected cells
were analysed after 48-72h culture by indirect immunofluorescence and flow cytometry, as
described in sections 2.10.2 and 2.10.3, respectively. Photographic images of the COS-7 cells
expressing class I genes were obtained under an Olympus CKX41 inverted microscope
(Olympus UK Ltd., London, UK).
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Figure7.1:Analig mentoffulllen thvinMHCclass1transcriptswhesequ ncepeci icprim r(u d l n d)u dmpl ficationr orsub lo ingint mammalianexpressioconstructs.
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7.3 Results
7.3.1 PCR products
The full length ovine MHC class 1 sequences D5, D3, C7 and Cll from ram 501 and F8, F12,
H10 and F9 from ram 504 were amplified from their respective pGEM-T Easy vector constructs
(chapter 5) using the PCR protocol described in section 7.2.1. A specific band of the expected
size (Table 7.2) was obtained from each plasmid DNA using the sequence-specific primer pairs
presented in Table 7.1 (Fig. 7.2).
Target sequence PCR product size with the
reverse primers denoted with A
(bp)
PCR product size with the










Table 7.2: PCR product sizes amplified by each primer pair.
D5 D3C7CI1 D5 D3C7C1I F8 F12H10F9 F8 F12H10F9
19»JMI>I1«
#
primer A primer B printer A printer B
Figure 7.2: PCR products amplified from plasmid DNA containing each of the full length ovine MHC
class 1 sequences D5, D3, C7 and CI 1 from ram 501 and F8, F12, H10 and F9 from ram 504. For each
target sequence two reverse primers (A and B) were used. Five and 10 pi of PCR product amplified from
D5 and F8 was loaded.
7.3.2 Subcloning and selection of recombinants by PCR
PCR products amplified from plasmid DNA containing each of the full-length ovine MHC class
I transcripts D5, D3, CI, Cll, F8, F12, H10 and F9 were purified and subcloned into the
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pcDNA3.1/V5-His-TOPO plasmid vector to generate mammalian expression constructs.
Approximately 200 white colonies, around 10-15 for each of the 16 PCR products (Fig. 7.2)
were screened by colony PCR using primers B and Br and 30-80% were positive (Fig. 7.3).
Three to 5 positive clones obtained from each sub-cloned amplification product were selected
for sequencing.
- MA4IVII9IIM *•
Figure 7.3: Agarose electrophoresis of colony PCR products of clones containing full length ovine MHC
class I sequences.
7.3.3 Sequencing
Sequencing identified at least one clone for each PCR product with no Taq polymerase errors
and a 5' to 3' orientation appropriate for expression analysis.
7.3.4 Expression of ovine MHC class I genes
Ovine MHC class I genes cloned in the pcDNA3.1/V5-His-TOPO plasmid vector and
transfected in COS-7 cells were analysed using a flow cytometer after labeling with IL-A88, a
monoclonal antibody that recognizes a monomorphic determinant of the bovine MHC class I
heavy chain (Toye et al. 1990) and cross-reacts with the ovine product (Chai Z. 2005). IL-A88
surface staining of cells transfected with ovine MHC class I sequences D5, D3, C7 and Cll
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from ram 501 and F8, F12 and F9 from ram 504 confirmed that the genes can give rise to
conformationally intact molecules on the surface of COS cells, whereas the H10 molecule from
ram 504 was not detected by IL-A88. Figures 7.4 through 7.11 show transfected cells under a
fluorescent microscope after immunostaining (a), the corresponding field under light
microscope (b) and the flow cytometry diagram (c) for each class I sequence that was sub
cloned in-frame (A) or out-of-frame with the histidine tag (B). Both procedures established
successful transfectants. Figure 7.12 shows a positive bovine MHC class I control (A) and a
negative control with no DNA during transfection (B).
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Figure7.4:Transfect dc llswiththeovinMHClasIsequ nceD5underfluor sc ntmicroscop( ),cor e pondingieldund rhteb)a d theflowcytometrydiagra( )reachl ssIsequenctwubclo edinr mAfithistidi gB).
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Figure7.5:Transfect dc llswi hthovineMHClassIsequenceD3und rfluoresc ntmicro cope(a),tcorr pondingi nd rl gm ro opeb)a d theflowcytometrydiagra( )reachcl ssIsequ nctwubclo ednfr m(Ao ffra itthhi tidi egB).
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Figure7.6:Transfectedc llswiththov nMHCclasIseq enceC7underfluor scentmicros op( ),or pondingiell ghtb)d theflowcytometrydiagra( )reachl ssIsequencetw ssubcl edinr mAfiththistiding(B).
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Figure7.7:Transfect dc llswiththeov nMHClasIsequ nceCI1underfluor sc ntmicroscop( ),or spondingiel rhtmicrb)and theflowcytometrydiagra( )reachl ssIsequenctwubclo edinr mAfithistidi gB).
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Figure7.8:Transfectedcellswiththeov nMHClasIseq e ceund rfluor sc ntmicros op( ),tcor pondingiel rl ghic oscopb)d theflowcytometrydiagra( )reachl ssIsequencet tw ssubcl edinfr mAfa ithhistiding(B).
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Figure7.9:Transfect dcellswiththovinMHClasIsequence12underfluor sc ntmicros op( ),cor pondingiell ghmic os opb)d theflowcytometrydiagra( )reachl ssIsequencetw subcl edinfr mAfiththistiding(B).
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Figure7.11:Transfect dcellswiththeovinMHClasIseque ceH 0underfluor sc ntmicroscope( ),or pondingiel rhtpb) andtheflowcytometrydiagra( )reachl ssIsequencetw ssubcl edinfr mAfithhistidingB).
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Figure7.12:(a)Thecorrespondingfieldunderl htmic oscopebndtlowytom trydiag ap sitivb vinMHCla sIr lA negativecontrolwi hoDNAduringtransfec n(B).
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7.4 Discussion
7.4.1 Development of mammalian expression constructs
This chapter describes the use of 8 full-length ovine MHC class I transcripts to generate
mammalian expression constructs. In general, such constructs are based on viruses or plasmids
and contain the gene of interest along with elements necessary for efficient expression of that
gene in mammalian cells. A plasmid vector was used in the present study, because it has the
advantage of containing prokaryotic, eukaryotic and viral functional components (reviewed in
Colosimo et al. 2000). The prokaryotic elements allow bacterial propagation and maintenance of
the vector, while the eukaryotic and viral elements allow efficient expression of the gene in
mammalian cells.
Mammalian expression systems can be stable or transient, depending on whether the
gene is expressed permanently or for only a short period (reviewed in Colosimo et al. 2000).
Transient expression systems are very useful for studying the expression of a gene quickly,
within 12 to 72 hours after transfection. In contrast, stable transfectants require a 3-4 week
period of cell culture with selectable markers, but can be stored and used on a long term basis.
For the purposes of this chapter, transient transfectants were generated to allow rapid evaluation
of whether the class I molecules could be expressed on the surface of COS-7 cells.
7.4.2 Expression of ovine MHC class I transcripts
Although three classical class 1 loci, HLA-A, -B and -C, are expressed from all human MHC
haplotypes, such consistency appears to be the exception rather than the rule for other species.
For example, the number of class I genes varies in different inbred strains of mouse (reviewed
by Trowsdale J. 1995) and variable numbers of MHC class I genes have been reported in
different serologically defined swine haplotypes (Ruohonen-Lehto et al. 1998). Similarly,
although two polymorphic genes are ubiquitously expressed in equids, at least four putative
non-classical genes may also be expressed at low levels (Ellis et al. 1995; Holmes and Ellis,
1999). In cattle, there is evidence for at least six classical MHC class I loci (reviewed by Ellis S.
2004), which occur in a number of combinations on different haplotypes (Ellis et al. 1999).
Haplotype variation may also be a feature of ovine class I genes. A number of
serological studies have suggested two expressed loci (Cullen et al. 1982; Garrido et al. 1995;
Jugo and Vicario 2001; Jugo et al. 2002; Stear and Spooner 1981), whereas others propose three
(Grossberger et al. 1990; Millot P. 1984). In addition, evidence based on isoelectric focusing
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(IEF) suggests that IEF patterns could be explained by different numbers of genes expressed on
different haplotypes (Jugo et al. 2002).
In this study, the expression of ovine MHC class 1 molecules was evaluated on the
surface of COS-7 cells using the IL-A88 antibody, which has been used successfully for
identification of bovine class I molecules with a wide range of specificities (Dr Shirley Ellis,
IAH, Compton, UK, personal communication) and cross-reacts with the ovine product (Chai Z.
2005). Of the 8 ovine class I transcripts that were transfected and analyzed, 7 (D5, D3, C7, CI 1,
F8, F12, F9) were demonstrated to give rise to surface products identified by IL-A88. The
remaining construct, H10, failed to result in a detectable product. As transcripts D5, C7 and CI 1
are derived from the 501 haplotype A and sequences F12, H10 and F9 locate to the 504
haplotype D (chapter 4; Fig. 4.18), these expression analyses indicate that at least three and two
class I loci, respectively, are capable of translating ovine MHC class I molecules on the surface
ofmammalian cells from these haplotypes (Fig. 7.13).
In a collaborative experiment conducted with Dr. Zhongwei Chai to confirm the
expression of the transcribed class I genes in vivo, leukocytes derived from lambs homozygous
for each of the 501 and 504 haplotypes were transformed by infection with the intracellular
parasite Theileria lestoquardi (Hooshmandrad P. 1993), immunoprecipitated after lysis with IL-
A88 and separated by SDS-polyacrylimide gel electrophoresis. MHC class 1 heavy chains were
then excised from the gels, digested with trypsin and analyzed by MALDI-TOF mass
spectrometry. Peptide mass profiles were then screened using the Mascot software against
protein sequence databases constructed for each of the four haplotypes (Zhongwei Chai, MRI,
Edinburgh, UK, unpublished data). The resulting data corroborate the observations of the
present study that sequences D5, C7 and Cll are expressed from 501 haplotype A, as are
sequences D3, E2, C6 from 501 haplotype B (Fig. 7.13). In addition, sequences F8 and G6 from
504 haplotype C and F12, F9 and H10 from 504 haplotype D were expressed by transformed
homozygous lymphocytes, although it is not clear if the products reach the cell surface.
Therefore, it seems that, as with other species, the number of expressed class I loci varies
between different ovine haplotypes.
The mass spectrometry expression findings are in agreement with the available
transfection results with the exception of the H10 sequence. The H10 molecule was not detected
on the surface of transfected COS-7 cells, whereas it was expressed in Theileria-infected cell
lines. Since the same antibody was used in both systems, it is unlikely that it failed to recognize
a phylogenetically diverse H10 molecule in transfected cells. It is possible that a molecular
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cloning problem prevented H10 from expression on transfected cells, or incorrectly folded H10
molecules were expressed. Detection of the epitope encoded by the histidine or the V5 tag, on
the surface of COS cells, and repetition of the cloning experiment will possibly resolve this
issue.
Class I sequences Haplotype









F12 H10 I I
504 D
Figure 7.13: A diagrammatic representation of the ovine class I sequences transcribed and expressed by
four different haplotypes from rams 501 and 504. Sequences boxed in a thick line were expressed on the
surface of COS-7 cells transfected with each sequence, while sequences boxed in a thin line were
expressed by 777e/7e/7a-infected cells from lambs homozygous for the relevant 501 and 504 haplotypes.
The partial E9 transcript was not used in the analysis in this chapter.
7.4.3 Applications of mammalian expression constructs
The mammalian expression constructs generated can be used for transfection of a wide range of
mammalian cells. Stable transfectants expressing D5, D3, C7, F12 and F8 molecules have
already been generated (Keith Ballingall, MRI, Edinburgh, UK, unpublished data). Such
transfected cell lines will be valuable tools for producing new serological reagents to MHC
molecules, evaluating previous serological specificities and as markers in immunoprecipitation
studies with cells from the rams and their offspring. A range of monoclonal antibodies for class
1 molecules from rams 501 and 504 is currently under development with the use of the
mentioned stable transfectants (Keith Ballingall, MRI, Edinburgh, UK, unpublished data). Such
transfectants are also useful for studying the role of individual MHC molecules in the restriction
of cytotoxic T cell responses of foreign antigens. Using such tools, it has been suggested that
CD8+ T cell responses to the intracellular parasite of cattle Theileria parva can be restricted by
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only one bovine MHC class I allele in a haplotype, a phenomenon known as immunodominance
(Taracha et al. 1995).
Cytotoxic T cell responses against intracellular pathogens are restricted by MHC class 1
molecules on the basis of the presentation of short peptides (Zinkemagel and Doherty, 1974).
Identification of potential cytotoxic T cell epitopes capable of inducing protective immune
responses is therefore valuable in vaccine development. Transfected cell lines expressing ovine
MHC class I molecules infected with an intracellular pathogen or co-transfected with genes
expressing putative antigenic peptides from the pathogen will be useful tools for T cell epitope
identification. As with studies carried out on MHC of human and cattle (Crawford et al. 2004;
Doolan et al. 1996; Gaddum et al. 1996), sequence-specific peptide motifs could be identified
for peptides bound to a number of ovine class I alleles.
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8. General discussion
The number ofMHC class I loci varies between different species or even between individuals of
the same species and class I genes can be organized and expressed in a variety of ways
(reviewed by Chardon et al. 2000; Ellis S. 2004; Kelley et al. 2005; Trowsdale J. 1995).
Including pseudogenes, there are over 100 class I genes in the human extended class 1 region
(The MHC sequencing consortium, 1999) and between 40 and 60 class I genes in rodents
(Kulski et al. 2002), whereas there are only 21 in pigs (Chardon et al. 2000) and two in chicken
(Kaufman et al. 1999). Since the bovine MHC class I region has yet to be sequenced and
relatively few mapping studies have been carried out (Di Palma et al. 2002; Fries et al. 1986;
McShane et al. 2001), the total number of class 1 genes in cattle remains unknown. It is
estimated, however, that the bovine class 1 region is larger than that described for the pig and
that it contains more class I genes (Ellis S. 2004). More recently, 24 genes have been mapped in
the ovine class I region (Liu et al. 2006) and the authors suggest that the gene organization is
similar to that of the swine MHC.
However, among the many genes identified in the class I region of different genomes,
only one to three class 1 loci normally encode molecules involved in antigen presentation. There
are three expressed classical class I loci in humans, gorillas and chimpanzees (A, B and C; IPD
MHC database; http://www.ebi.ac.uk/ipd/mhc /dla/index.html), between one and three in pigs
(SLA -1, -2 and -3; Renard et al. 2001), up to four in rats (RT1-A1, -A2, -A3 and -C/M; Walter
et al. 2000), one in dogs (DLA-88; Kennedy et al. 1998) and one dominantly expressed class I
gene in each chicken haplotype (B-F class I; Kaufman and Wallny, 1996). Although serological
studies had suggested that the majority of MHC class I molecules in cattle were encoded by a
single highly polymorphic locus (Ellis and Ballingall, 1999), molecular genetic studies have
later provided evidence for at least six classical MHC class I loci in cattle, up to three of which
are expressed in individual haplotypes (Ellis S. 2004). At the outset of this study, no molecular
data were available on the number of expressed loci in the class I region of sheep, although
serological evidence was consistent with the expression of two or three ovine class 1 loci
(Cullen et al. 1982; Garrido et al. 1995; Jugo and Vicario, 2001; Jugo et al. 2002; Millot P.
1984; Stear and Spooner, 1981).
A total of 17 novel ovine MHC class I transcripts were identified from two
heterozygous rams during the course of the present study (chapters 3, 4 and 5; Fig. 8.1). With
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the exception of two (N1 and N2), these transcripts were assigned to haplotypes by genotyping
progeny of the rams (chapter 4). Five class 1 sequences were identified in each of haplotypes
501A, 504C and 504D, while six class 1 transcripts were assigned to the 501B haplotype,
suggesting the transcription of 5-6 ovine MHC class 1 loci from the haplotypes (Fig. 8.1).
Subsequent evidence for transcription of sequences N1 and N2 by ram 504 (chapter 5) suggests
that one or both of 504 haplotypes C and D contain at least one additional class I sequence,
which raises the number of transcribed class 1 loci from these haplotypes to at least six.
Phylogenetic analysis of ovine class 1 sequences with those of other bovid species also
supported the existence of over six ovine MHC class I loci (chapter 6). The combination of
phylogenetic analysis and haplotype data suggest that, excluding the partial transcripts, the class
I sequences identified in the present study are grouped into five of these loci (Figs. 6.3 and 8.1).
Four of these appear to be polymorphic (chapter 6), while the fifth locus contains highly
divergent sequences bearing features associated with non classical class I genes (chapters 5 and
6). The partial transcripts E9, C7b, F7 and G12 were not included in the phylogenetic analysis,
due to unavailability of sequence data for exons 4 though 8.
Despite the occurrence ofmultiple ovine class 1 loci, there is evidence for expression of
no more than three class I loci from each haplotype (Fig. 8.1). Sequences D5, D3, C7, E2, F8
and F12, which accounted for 86% of the 360 clones analyzed by SSCP (chapter 3), were
expressed in Theileria-infected cells from lambs homozygous for the relevant 501 and 504
haplotypes and, with the exception of E2, which was not transfected, were capable of expressing
class I molecules on the surface of COS cells (chapter 7). Combined with phylogenetic analysis,
these expression data suggest that D5, D3, F8 and F12 represent alleles of a single dominantly
expressed classical ovine MHC class I locus, while C7 and E2 appear to be alleles at two
additional polymorphic expressed class I loci (chapters 6 and 7).
Sequences C11, C6, G6, F9 and H10, which occurred in 8.61% of the clones screened
by SSCP (chapter 3) were also found to be expressed in Theileria-mkcted cells (chapter 7). In
addition, CI 1 and F9 transfected in COS cells were capable of expressing class I molecules on
the cell surface (chapter 7). Sequence H10 consistently clustered with E2 in the phylogenetic
analyses, as did the Cll, C6, G6 and F9 sequences. However, the G6 sequence was only
distantly associated with the remaining sequences in the cluster (chapter 6) and contained
features strongly associated with non-classical genes (chapters 3 and 5). Therefore, G6 was
considered to be a poorly expressed non-classical class 1 gene. However, the status of C11, C6
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and F9 requires clarification in functional studies, because they are expressed at levels similar to
those of the non classical class 1 genes, but appear nonetheless to be polymorphic, which is a
characteristic found mainly in classical genes (chapters 5, 6 and 7).
Despite the lack of expression data for the partial transcripts E9, C7b, F7 and G12, as
well as the N1 and N2 sequences transcribed by ram 504, F7 and G12 remain strong candidates
for non-classical class I genes or pseudogenes; since they are shared between the four
haplotypes and are almost certainly transcribed at a significantly lower level than the other
transcripts in peripheral blood, based on the limited number of clones initially identified
(0.56%) (chapters 3 and 4). In addition, sequencing features of N1 and N2 (chapter 5) and their
localization deep in the phylogenetic trees, together with the putative non classical class 1 genes
from cattle and nyala and close to the swine sequences (chapter 6) strongly suggest that these
sequences also represent non-classical class I genes. A class I gene very similar to the swine
AFO14001 sequence has recently been identified in a BAC clone used for the construction of a
physical map of the ovine class I region (Liu et al. 2006).
It therefore seems that haplotypes 501A and B each contain two highly expressed
polymorphic classical class I loci along with a third locus expressed at low levels that requires
further characterisation by functional analysis. Each also contains a pair of putative non-
polymorphic class 1 like genes. These findings agree with previous serological and cDNA data
suggesting the expression of two or three classical ovine MHC class I genes (Cullen et al. 1982;
Garrido et al. 1995; Grossberger et al. 1990; Jugo and Vicario, 2001; Jugo et al. 2002; Millot P.
1984; Stear and Spooner, 1981). Two classical genes were also identified in the class I contig
used for the construction of a BAC-based physical map of the ovine MHC complex (Liu et al.
2006). In contrast, haplotype 504C includes only a single highly expressed classical class 1
locus, together with the same putative non-classical genes, because G6 possibly represents a non
classical locus and the E9 gene is predicted to be transcribed at only very low levels. Similar
haplotypes with a single classical class I locus have been described for chicken (Kaufman et al.
1999), cattle (Ellis S. 2004), pig (Chardon et al. 2000) and inbred lines of rat (Joly et al. 1996).
The 504D haplotype also contains only one putative highly expressed classical class 1 locus
along with one additional classical locus expressed at lower levels and a poorly expressed locus
with characteristics associated with neither classical nor non-classical genes. The pair of
invariant genes transcribed in all haplotypes is also present. Two highly divergent class I-like

































Figure8.1:AdiagrammaticrepresentationofthviMHCclassIs q ncestranscrib dndexpr s dbyfo riff nth plotypr r5014. N1and2werenotssign dtindividualhaplotypes.Seque cesb l ,i lighlytr nsc ibed,p orlyn cribext mely poorlytranscribed,sheywererepr s ntedi86%. 1%nd0 56of3 0cl nesalybSSCP.eque c soxit i kli e pre s thesurfaceofCOS-7cellstransfectedwitheasequence,hiequen esbox di ili rexpr ss dyTheileri -inf tlf mlamb homozygousf rtherelevant50land04apl t pes.Texpressionfp rtials quenceC7b,E9FaG12wan txpl r ddul ckle gth transcriptsfonsfectionnde oughsequenced tarob sM oalys s.Thrrang mentfcla1ser ctslus ringll l accordingtohephylog netictreespres ntinFigs.6.3,4nd.5Tassignm ntofartialr ns r p swadete miula ks qu ncetf exons4through8.
168
Chapter 8. General discussion
The combination of phylogenetic analysis, haplotype, transcription and expression data
are therefore consistent with the existence of at least four distinct polymorphic ovine MHC class
I loci, of which three are expressed in varying combinations and intensities in individual
haplotypes, along with a pair of poorly transcribed non-polymorphic class I like loci and at least
one additional divergent non classical class I locus (Fig. 8.1). Although there are no expression
data for the five class I cDNA sequences available in public databases (M34673, M34674,
U03092, AY 188824, AY 188825), these represent alleles of at least three additional loci to those
identified in this study (chapter 6; Fig. 6.5). If these transcripts represent alleles of classical
class I genes and there is no genetic interlocus recombination, the ovine class I region may be
similar to that observed for cattle, with at least six classical loci of which up to three are
expressed in a single haplotype (Ellis S. 2004). Alternatively, if sequences of cluster IV and the
transcripts identified by other research groups are non classical, then the ovine MHC class 1
region may resemble that of swine, with three classical class I loci expressed in various
combinations in different haplotypes and a large number of transcribed class I-like genes
(Chardon et al. 2000). However, most of the latter genes are either truncated or contain stop
codons that result in premature termination of the transcription (Chardon et al. 2000). In
contrast, with the exception of G6, the above transcripts have a classical eight exon format
(chapter 6). Similar observations of high numbers of putative non classical class I loci
exhibiting limited polymorphism have been made for the equine MHC (Holmes and Ellis,
1999).
The degree of plasticity observed in the MHC class I region is indeed amazing
(reviewed by Kelley et al. 2005; Kumanovics et al. 2003; Trowsdale J. 1995). It ranges from
two genes in the chicken genome (Kaufman et al. 1999) to thousands in the genome of the
African pigmy mouse Nannomys setulosus (Delarbre et al. 1992). Remarkable diversity has also
been revealed within the class I region of individual species. Haplotype variation of class I
genes is a feature observed in many species including primates (Cadavid et al. 1999), rodents
(Joly et al. 1996), horse (Holmes and Ellis, 1999), pig (Chardon et al. 2000) and cattle, with the
latter possibly exhibiting the greatest variability (Ellis S. 2004). The results obtained in the
current study show that composition of class 1 loci also varies between different sheep
haplotypes. Different numbers and organization of class I genes are believed to arise from rapid
evolution of this region of mammalian genomes (Kelley et al. 2005). After divergence from a
common ancestor, the MHC changes rapidly through gene duplications, deletions and mutations
in a process known as birth and death evolution (Piontkivska and Nei, 2003). Such rapid
diversification is believed to be pathogen-driven (Bernatchez and Landry, 2003; Hurt et al.
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2004). Determination of whether ruminants exhibit an unusually high level of class I haplotype
variability will require further studies not only in sheep and cattle, but also in other ruminant
species. Such studies will provide insights into the evolution of vertebrate MHC genes.
Future Studies
Additional work is required to characterize further the four haplotypes transcribed by rams 501
and 504. Full length sequence data for transcripts E9, C7b, F7 and G12 would provide
indications as to whether these incorporate an eight exon structure characteristic of functional
class I molecules or, more possibly, mutations in conserved residues, deletions or stop codons
indicative of diverse function or pseudogene status. Sequence data for the entire coding region
of these partial transcripts and the N2 sequence would also allow phylogenetic analyses and
transfection experiments to evaluate expression. Further experiments are also required to assign
the N1 and N2 sequences to haplotypes using appropriately designed sequence-specific primers.
Amplification of the putative non-classical class 1 genes from other sheep would confirm
whether they are indeed non-polymorphic or exhibit limited polymorphism.
The haplotype data generated in this study have facilitated the establishment of a
resource population of MFIC-defined and MFlC-homozygous sheep. These data provide an
initial template for more extensive characterization of ovine MHC haplotypes and allelic
diversity in different breeds and populations. This resource flock will also provide genetic
material for comparative genomic analysis and disease association studies. Identification of
alleles offering protection to infections could be integrated in appropriate breeding schemes for
the sustainable control of sheep diseases.
A range of cellular and molecular tools to undertake in-depth analyses of CD8T T cell
responses to infection by intracellular pathogens was generated and is still under development.
These tools will be used for studying the role of specific ovine MHC loci in determining the
specificity of an immune response and for T cell epitope identification. By determining allele-
specific motifs of peptides eluted by ovine class I alleles, it will be possible to identify protein
fragments important for the induction of CD8+ T cell responses and peptides which stimulate
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3. 0.05% bromophenol blue
TE
Mix
1. 5ml lOmM Tris-Cl from 0.5M Tris-Cl
2. 1ml ImM EDTA from 25mM EDTA








in 1 It distilled water and adjust the pH to 8 with NaOH
DEPC treated water
RNAase free water was produced by treating distilled water with 0.1% diethyl pyrocarbonate
(DEPC). Following incubation at 37°C for at least 12 hours, the DEPC treated water was then
autoclaved at 121°C for 15 min.
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2. 25mM EDTA (as above)
3. 0.05% bromophenol blue
4. 0.05% xylene cyanol
and keep at 4°C.
Polyacrylamide gels
6%o polyacrylamide gelsfor SSCP
1. 16ml 30% acryl/bisacrylamide
2. 20ml 5XTBE
3. 44ml distilled water
4. 320ml of 25% APS
5. 52.8ml TEMED
6% polyacrylamide gels for RFLP
1. 20ml 30% acryl/bisacrylamide
2. 10ml 10XTBE
3. 68ml distilled water
4. 2ml of 3% APS solution
5. 100ml TEMED
5% polyacrylamide gels containing 6M Urea for sequencing
1. 18g Urea
2. 5.68ml 30% acryl/bisacrylamide
3. 10ml 5XTBE
4. up to 50ml distilled water
5. 0.07g resin beans
6. 250pl 10% APS
7. 35pl TEMED
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In all preparations APS and TEMED were added after all other ingredients were mixed.
Sequence loading dye
5:1 formamide:blue dye (25mM EDTA, 50mg/ml blue dextran, pH=8.0)
3M Sodium acetate
Dissolve
1. 408.2g sodium acetate




2. 55g boric acid
3. 9.3g EDTA
in lit distilled water and adjust the pH to 8,3-8.7 at 50°C with HCl.
This stock solution was dissolved 1:10 to make 1XTBE working solution.
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Appendix 1.2: Bacterial Grown Media
LB medium
Dissolve
1. 1 Og Bacto-tryptone
2. 5g Bacto-yeast extract
3. 5g NaCl
in lit distilled water and adjust the pH to 7.0 with NaOH
LB agar plates with ampicillin/IPTG/X-Gal
lg agar was added to lit LB medium and autoclaved. When the medium reached temperature of




2. 0.5g Bacto-yeast extract
3. 1ml 1M NaCl
4. 0.25ml 1MKC1
5. 1ml 2M Mg2+ stock, filter sterilized (20.33g MgCL 6H20 and 24.65g MgS04 7H20)
6. 1ml 2M glucose, filter sterilized
in 97ml distilled water and autoclave (all except the Mg2+ stock and the glucose). Then, add the
Mg2+ stock and the glucose and bring the total volume to 100ml with sterile distilled water.
Adjust the pH to 7.0.
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M13 Reverse priming site | T3 priming site
CACACAGGAA ACAGCTATGA CCATGATTAC GCCAAGCTCA
GTGTGTCCTT TGTCGATACT GGTACTAATG CGGTTCGAGT
—I Spe I Sse8387 I (Psl I) Pme I EcoR I
■r
GACTAGTCCT GCAGGTTTAA ACGAATTCGC CCTTl






EcoR I Not I
lAAGGGC GAATTCGCGG
ITTCCCG CTTAAGCGCC
CCGCTAAATT CAATTCGCCC TATAGTGAGT CGTATTACAA
GGCGATTTAA GTTAAGCGGG ATATCACTCA GCATAATGTT
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2. 10ml Penicillin/Streptomycin solution
3. 10ml L-glutamine
4. 50ml heat inactivated foetal bovine serum (FBS)
Penicillin/Streptomycin solution
Dissolve
1. 1,2g benzypenicillin sodium and
2. 2g streptomycin sulphate
in 200ml distilled sterile water and filter under aseptic conditions, using a 0.2pm sterile
membrane filter.




in 500ml distilled sterile water and filter under aseptic conditions, using a 0.2pm sterile
membrane filter.
Keep at -20°C in 20ml aliquots.
Heat inactivatedfoetal bovine serum
Heat a 500ml bottle of FBS at 57°C for 30min.
Keep at -20°C in 20ml aliquots.
Tris-RPMI
Add
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1. 121.1 g Tris base
in lit distilled water and adjust the pH to 7.2-7.4 with HC1.
Trypsin/versene solution
Mix
1. 4ml trypsin solution and
2. 16ml versene solution







5. 1.5g Tris methylamine
in 350ml and adjust the pH to 7.6-7.8 in room temperature.
Then add
1. 148ml phenol/trypsin solution
and filter under aseptic conditions, using a 0.2pm sterile membrane filter.
Keep at -20°C in 20ml aliquots. Once defrosted, keep at 4°C for one month.
Phenol/trypsin solution
Dissolve
1. 7.5 ml 1% phenol red solution and
2. 12.5g Trypsin









Appendix 1. Materials and Methods
6. 0.9ml 1% phenol red solution
in 600ml distilled sterile water and adjust the pH to 7.1-7.3.
Filter under aseptic conditions with a 0.2pm sterile filter membrane.











2. 0.02% sodium azide
in PBS and keep in fridge.
ILA 88 antibody
Dissolve
1. 200pl of ILA-88 1% stock solution
in lOOOpl FACS buffer.
Goat anti-mouse IqG antibody
Dissolve
1. 20pl of 2mg/ml goat anti-mouse IgG
in lOOOpl FACS buffer.
200
Appendix2.Results
























































































































































































501_D5 501_D3 501_C7 501_E2 501_C6 501_C11 504_F8 504_F12 504_F9 504_H10 504_G6 504_N1 504_N2 M34676 U03092 U03093 U03094 M34675 AY188825 AY188826 M34673 AY188824 M34674 M34672 Cambrl Cambr2 Cambr3 Cambr4 AF014002
260
280



























.G. .G. .G. .GA. .CG.
.A.G.G. ...G.G. .A.G.G. ...G.A.





501_D5 501_D3 501_C7 501_E2 501_C6 501_C11 504_F8 504_F12 504_F9 504_H10 504_G6 504_N1 504_N2 M34676 U03092 U03093 U03094 M34675 AY188825 AY188826 M34673 AY188824 M34674 M34672 Cambrl Cambr2 Cambr3 Cambr4 AF014002..C.
300*2 CTTTCCGAGTGAACCTGAACACCGCACTCAGCTACTACAACCAGAGCGAGGCCG TCG



























































































































































































































































































































































































































































501_D5 501_D3 501_C7 501_E2 501_C6 501_C11 504_F8 504_F12 504_F9 504_H10 504_G6 504_N1 504_N2 M34676 U03092 U03093 U03094 M34675 M34673
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Abstract The ovine major histocompatibility complex
(MHC) remains poorly characterized compared with those
ofother livestock species. Molecular genetic analysis of the
bovine MHC has revealed considerable haplotype and al¬
lelic diversity that earlier serological analysis had not de¬
tected. To develop cellular and molecular tools to support
development of vaccines against intracellular pathogens of
sheep, we have undertaken a molecular genetic analysis of
four distinct ovine MHC haplotypes carried by two het¬
erozygous Blackface rams. We have identified 12 novel
class I transcripts and used a class I sequence-specific ge-
notyping system to assign each of these transcripts to
individual haplotypes. Using a combination of phyloge-
netic analysis, haplotype and transcript expression data, we
identified at least four distinct polymorphic class I MHC
loci, three of which appear together in a number of com¬
binations in individual haplotypes. The haplotypes were
further characterized at the highly polymorphic Ovar-DRBl
locus, allowing selection of the progeny of the two founder
rams for the establishment of an MHC-defined resource
population.
Keywords Ovine ■ Class I • Major histocompatibility
complex (MHC) • Haplotype • Single-strand
conformational polymorphism (SSCP) • Sequence-specific
primer-polymerase chain reaction (SSP-PCR)
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Introduction
The highly polymorphic major histocompatibility complex
(MHC) class I genes encode glycoproteins expressed at the
cell surface in association with peptides derived from in¬
tracellular pathogens or from self proteins. Infection is
detected by CD8+ T lymphocytes which recognise the
combination of self MHC and foreign peptide (reviewed
by Harty et al. 2000). The majority of polymorphic sites
within classical MHC class I genes encode amino acids that
line the peptide binding groove (Bjorkman et al. 1987). The
repertoire ofpeptides presented to T cells in an individual is
dependent on the complement of class I molecules inher¬
ited on each haplotype. This diversity in the repertoire of
peptides presented to T cells can influence the quality of the
immune response to infection. As a consequence, poly¬
morphic MHC loci are often used as genetic markers in
studies of disease resistance or susceptibility and in cases
where variations are observed in responses to infection (Hill
et al. 1991; Messaoudi et al. 2002) or vaccination (Eckels
2000).
Three polymorphic classical class I loci, HLA-A, -B and
-C, are present on all human MHC haplotypes (reviewed by
Trowsdale 1995). Such consistency appears to be the ex¬
ception rather than the norm for other species. For example,
the number of class I genes varies in different inbred strains
ofmouse (reviewed by Trowsdale 1995) and variable num¬
bers ofMHC class I genes have been reported in different
serologically defined swine haplotypes (Ruohonen-Lehto
et al. 1998). Similarly, although two polymorphic genes are
ubiquitously expressed in equids, at least four putative non-
classical genes may also be expressed at low levels (Ellis
et al. 1995; Holmes and Ellis 1999). In cattle, there is ev¬
idence for at least six classical MHC class I loci (reviewed
by Ellis 2004), which occur in a number of combinations
on different haplotypes (Ellis et al. 1999).
Haplotype variation may also be a feature of ovine class
I genes. A number of serological studies have suggested
two expressed loci (Cullen et al. 1982; Garrido et al. 1995;
Jugo and Vicario 2001; Jugo et al. 2002; Stear and Spooner
1981), whereas others propose three (Grossberger et al.
1990; Millot 1984). In addition, evidence based on iso¬
electric focusing (IEF) suggests that serology has under¬
estimated the level of ovine MHC diversity (Jugo et al.
2002). Antigens not previously defined by serology were
identified by IEF and three serological specificities were
subdivided by biochemical typing. Only a single molecular
study has been carried out on the MHC class I region of
sheep (Grossberger et al. 1990). This study identified five
different sequences from a cDNA library, which is con¬
sistent with transcription of at least three loci.
Development of vaccines against intracellular pathogens
of sheep is currently constrained by the lack of reagents
necessary for analysis of class I MHC restricted T-cell re¬
sponses. To address this deficiency, we have embarked on
the establishment ofa resource population ofMHC-defined
sheep and a corresponding array of molecular and cellular
reagents. Given the lack of information on ovine MHC
haplotype diversity, we have undertaken an extensive mo¬
lecular characterization of the haplotypes carried by two
heterozygous rams used to found the population. We first
identified the class I genes transcribed by each ram, using
polymerase chain reaction-single strand conformational
polymorphism (PCR-SSCP) and sequence analysis. Based
on these data, we developed a sequence-specific primer-
polymerase chain reaction (SSP-PCR) system for geno-
typing a cohort of progeny from each ram to allow the
allocation of transcripts to individual haplotypes. By sup¬
plementing these data with genotyping of the major tran¬
scribed and highly polymorphic MHC class II DRB locus
of each haplotype, we provide the first detailed description
of four ovine MHC haplotypes.
Materials and methods
Animals, RNA extraction and cDNA synthesis
Rams 501 and 504 and their progeny were selected from a
Scottish Blackface flock maintained at the Moredun Re¬
search Institute (Table 1). Peripheral blood mononuclear
cells (PBMC) were prepared using a standard Ficoll-
Hypaque (Pharmacia, Uppsala, Sweden) separation meth¬
od (Boyum 1968). Poly-adenylated mRNA was extracted
from PBMC obtained from the rams using the Dynabeads
mRNA direct kit (Dynal Oslo, Norway), according to the
manufacturer's instructions. Total RNA was prepared from
1*107 PBMC obtained from all progeny, using the Qiagen
RNeasy mini kit (Qiagen Ltd., West Sussex, UK). First
strand cDNA was prepared using the Superscript first-
strand synthesis system (Invitrogen Ltd., Paisley, UK).
Nomenclature
The genetic region containing the ovine MHC is termed the
ovine leukocyte antigen (OLA) region. However, in order
to discriminate between the five species within the genus
Ovis, MHC genes derived from the domestic sheep Ovis
aries are prefixed with Ovar (Klein et al. 1990).
Amplification of ovine MHC class I genes
Amplification ofpartial ovine MHC class I transcripts
prior to SSCP analysis
PCR primers were designed to amplify part of exons 2 and
3 of ovine MHC class I genes. Target sequences were
located in conserved areas of published bovine (http://
www.ebi.ac.uk/ipd/mhc/bola/index.html) and ovine class I
sequences (accession nos. M34672 to M34676, U25998 to
U26010, U030092 to U030094 and AY188824 to AY18
8826). Three pairs of primers (A and Ar, B and Br, C and
Cr; Table 2) were used to maximize the likelihood of
amplifying transcribed class I genes. Primer A had prev¬
iously been used to amplify cattle class I genes (Bov7; Ellis
et al. 1999). Primers B and C were designed in the same
area as primer A, but provided reduced 3' end comple¬
mentarity and closer Tm with their corresponding reverse
primers. The primer Ar is identical to Bovl 1 (Pichowski
et al. 1996) but was designed with a degenerate nucleotide
(C/T) at the third base from the 3'-end to complement the
Table 1 Pedigree of animals used in this study and class I and class II genotyping results
Animal Class I sequences Class II DRB Animal Class I sequences Class II DRB
PCR-RFLP PCR-RFLP
Ram 501 D3, D5, C6, C7, CI 1, E2 AAA ABB Ram 504 F8, F12, E9, F9, G6, H10 BCA CAA
Progeny 501 Progeny 504
Lamb 448 D5, C7, Cll AAA Lamb 457 F8, G6, E9 BCA
Lamb 449 D3, E2, C6 ABB Lamb 529 F12, H10, F9 CAA
Lamb 461 D5, CI, Cll AAA Lamb 530 F12, H10, F9 CAA
Lamb 486 D3, E2, C6 ABB Lamb 573 F8, G6, E9 BCA
Lamb 489 D3, E2, C6 ABB Lamb 596 F8, F12, E9, F9, G6, H10 BCA CAA
Lamb 518 D3, E2, C6 ABB Lamb 609 F8, G6, E9 BCA
Lamb 555 D3, E2, C6 ABB Lamb 610 F8, G6, E9 BCA
Lamb 637 D3, E2, C6 ABB Lamb 673 F12, H10, F9 CAA
Lamb 680 D3, E2, C6 ABB
PCR-RFLP polymerase chain reaction-restriction fragment length polymorphism
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Table 2 Oligo nucleotide primers used for amplification of ovine MHC class 1 sequences
Name 5' Forward primer 3' Location Name 5' Reverse primer 3' Location Amplicon size (bp)
Aa GGCTACGTGGACGACACG Exon 2 Ara CCCTCCAGGTAGTTYCT Exon 3 410
Ba GCTACGTGGACGACACGC Exon 2 Bra AGCGCAGGTCCTCGTTC Exon 3 318
Ca CGGCTACGTGGACGACAC Exon 2 Cra ATGGGTCACATGTGYCTTTG Exon 4 499
Aflb ATGACCAGAGGATTGCGRGT Exon 1 Drlb GGATGAAGCATCACTCAG 3UTR 1,135
Bflb ATGCGAGTCATGGGGCC Exon 1 Drlb GGATGAAGCATCACTCAG 3UTR 1,123
Cflb ATGGGGCCGCGAACCSTC Exon 1 Dr2b GGATGAAGCATCACTGTC 3UTR 1,098 or 1,104
D5f GATCGGAACACGCGAAAC Exons 2, 3 D5rc AGCCGTACATCCACTGCC Exon 3 121
D3f GGATCGAAACACGAGGATCTA Exons 2, 3 D3rc TCGTAGCCGAGCTGATCAT Exon 3 177
C7f GGATCAGGAGACGCGATCA Exons 2, 3 C7rc CAGGTAGATCCTCACACGCG Exons 3, 4 301
E2f ACGAAAGGCCAACGATGA Exons 2, 3 E2rc GCACCTGCCACCACAACA Exon 3 264
C6f GGGATCAGGAGACGAGAATCTA Exons 2, 3 C6rc CACCTGCCGCCTCAAT Exon 3 276
Cllf CAAGCGCAAGATTGAGGCT Exon 3 Cllrc CCAGGTATCTGCGGAGCAT Exon 4 89
F8f GATCGGGAAACTCGAAACAT Exons 2, 3 F8rc CTCCAGGTAGTTCCTTTCTGC Exons 3, 4 303
F12f GAAGGGCCAAGGGCAA Exon 3 F12rc GCCGTACATCCACTGCCA Exon 3 107
HlOf TCAGGAGACGCAGGGAACT Exons 2, 3 HI Or" CACCTGCCACCACAGCA Exon 3 272
F9f GGATCAGGAGACGCGATT Exons 2, 3 F9r" TGGTTGTAGTAGCCGAGTGC Exon 3 81
G6f GGATAGCCAAGGACGGCAT Exon 3 G6r" GGTGTCTGCGGAGCAAGTT Exon 4 321
E9f GAGACGCAGGGAACTAAGGACA Exons 2, 3 E9r" CCGTCGTAGGCGAACTGATC Exon 3 173
3 UTR 3 untranslated region
"Oligonucleotide primers for amplification of parts of exons 2 and 3
b01igonucleotide primers for amplification of the entire coding region
"Sequence specific primers
available diversity in ovine class I sequences. The primer
Br is generally conserved among different species, but does
not amplify all of exon 3. For this reason, primer Cr was
designed to allow amplification of the entire exon 3. PCR
was carried out in a final volume of 50 pi containing
50 mM KC1, 10 mM Tris-HCl, 1.5 mM MgCl2, 0.1%
TritonX-100, 200 pM of each dNTP, 200 nM of each
primer, 2 pi cDNA and 1 unit Taq polymerase (Promega,
Madison, WI). The thermal cycling profile included an
initial denaturation for 5 min at 94°C; 30 cycles of 1 min at
94°C, 1 min at 50°C and 1 min at 68°C, and a final ex¬
tension for 7 min at 68°C. The reactions were carried out in
a 96-well Hybaid MBS 0.2S thermal cycler (Thermo
Hybaid, Basingstoke, UK).
Amplification offull-length ovine MHC
class I transcripts
Amplification of full-length transcripts was carried out by
using three different forward (Afl, Bfl and Cfl; Table 2) and
two reverse primers (Drl and Dr2; Table 2). Primers Bfl
and Drl are identical to Bov21 and Bov3 described by
Pichowski et al. (1996). The remaining primers were
designed using available ovine and bovine class I se¬
quences. PCR was carried out in a final volume of 50 pi
containing 49 pi PCR master mix (60 mM Tris-S04,
18 mM (NH4)2S04, 200 pM of each dNTP, 200 nM of each
primer and 1 U high-fidelity Platinum Taq DNA polymer¬
ase; Invitrogen) and 1 pi cDNA (-150 ng). The cycling
profile for amplification of full-length transcripts was as
described by Parham et al. (1995) to reduce formation of
recombinant alleles: initial denaturation for 2 min at 94°C,
25-30 cycles of 1 min at 94°C, 30 s at 50°C and 2 min at
68°C, and final extension for 7 min at 68°C. The annealing
time was reduced to 10 s when Dr2 was used as a reverse
primer. The reactions were carried out in a 96-well Hybaid
MBS 0.2S thermal cycler (Thermo Hybaid).
SSCP and sequence analysis of ovine
MHC class I genes
Exon 2 and 3 PCR products were purified from 0.7% aga¬
rose gels using the QIAquick gel extraction kit (Qiagen)
and cloned into the pGEM-T-Easy vector (Promega). Co¬
lony PCR using primers B and Br was used to identify 180
positive clones per ram (60 clones per primer pair). These
were each screened by SSCP according to the method
described by Ainsworth et al. (1991) with slight modifica¬
tions. Briefly, 10 pi of each colony PCR product was
mixed with 5 pi formamide denaturing solution. The mix¬
tures were denatured at 94°C for 8 min and immediately
cooled on ice for 5 min. Ten microliters was loaded onto a
6% polyacrylamide gel without glycerol. Electrophoresis
was carried out in a Hoefer SE 600 vertical gel electro¬
phoresis unit (Amersham Biosciences, Buckinghamshire,
UK) for 16 h at 14 mA and then for 1 h at 50 mA at a
constant temperature of 4°C. Single-stranded DNA frag¬
ments were detected by silver staining (Ainsworth et al.
1991). Nucleotide sequence was obtained from up to ten
replicates for each SSCP pattern.
PCR products of the entire coding region were also
cloned as described above and sequencing data was ob-
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tained from at least three replicates. Sequencing was per¬
formed using a 377 ABI Prism DNA sequencer (Perkin
Elmer, USA), or a 3730XL DNA Analyser (Applied Bio-
systems, USA).
Genotyping by SSP-PCR
Progeny of rams 501 and 504 were genotyped to determine
from which parental haplotypes individual genes were de¬
rived. Sequence specific primers were designed for specific
amplification of each of the sequences presented in Fig. 1
on the basis that at least the 3' terminal nucleotide of either
forward or reverse primer (or ideally both) was allele-
specific. Where possible, ovine class I MHC gene se¬
quences available in public databases were considered in
the primer design to avoid cross-priming with published
sequences.
PCR reactions were earned out in a final volume of 50 p.1
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M34676 : T G - A CG CCACT G CG-G T
501_D3 : - ATGAT CT - G - - TT A G CG G T
504~F8 : C A--G G---C A A CG GC-G-A CT G T
504_F12 : - - G A CG CCACT G T
S01_C7 : A-A GA ATGA T--C - --C G -T--A TA A --C-C-TGTG T CG G T
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U03092 : A--GT T C TT---A G CG G T
504_G6 : T G GC-TTA C GA---A T-T A---T---A-C-T
U03093 : T G GC-TTA C GA---A T-T A---T---A-C-T



















820 840 860 880 900 j 920 940 960 980 1000






Fig. 1 Alignment of ovine class I transcripts identified from rams sequences U03092 through U03094. Dashes indicate identities and
501 and 504 in comparison with the full-length ovine class I sequence dots represent gaps or absence of sequence
M34676 (Grossberger et al. 1990) and the nearly full length
503
200 (J.M of each dNTP, 200 nM of each sequence specific
primer, 2 units Taq polymerase (Roche Diagnostics Penz-
berg, Germany) and 0.5 p.1 cDNA (approximately 100 ng).
The thermal cycling profile included an initial denaturation
for 1 min at 94°C; 5 cycles of 1 min at 94°C, 1 min at 65°C
and 2 min at 72°C followed by 25 cycles of 1 min at 94°C,
1 min at 60°C and 2 min at 72°C (with the exception of
sequences C11, F9 and E9, which were amplified for 30
cycles) and a final extension for 10 min at 72°C. The
identity of the SSP-PCR products was confirmed by clon¬
ing and sequence analysis.
Ovine MHC class II DRB genotyping
Exon 2 of the highly polymorphic Ovar-DRBl locus was
genotyped by PCR-restriction fragment length polymor¬
phism (RFLP). Genomic DNA was prepared from whole
blood, using the Easy-DNA kit (Invitrogen). Amplification
was perfonned with primers Ov30 (5'-atcccctctctgcagca
catttc-3') and Ov31 (5'-cccgcgctcacctcgccgctg-3') in 50 p.1
PCR buffer containing 2 mM MgCl2, 200 p.M of each
dNTP, 500 nM of each primer and 1 unit of Taq polymerase
(Promega). The thermal cycling profile included initial
denaturation for 2 min at 94°C; 32 cycles of 30 s at 94°C,
30 s at 52°C and 30 s at 72°C and a final extension for 4 min
at 72°C. PCR products of 296 bp were cloned and se¬
quenced as described above. The sequence ofthe four Ovar-
DRB alleles obtained from rams 501 and 504 allowed
selection of restriction enzymes Rsal, Mboll and Sacl to
produce characteristic PCR-RFLP patterns following sep¬
aration on 8% polyacrylamide gels. This PCR-RFLP ap¬
proach allowed rapid genotyping of the progeny of rams
501 and 504.
Sequence and phylogenetic analysis
Nucleotide sequence was assembled, edited, and aligned
using the SeqMan and MegAlign programs (DNASTAR,
Madison, WI). Neighbour-joining phylogenetic trees (Saitou
and Nei 1987) were constructed, using either genetic dis¬
tances of the entire coding regions calculated by the Kimura
two-parametermethod (Kimura 1980) or p distances ofexons
4 through 8. The swine sequence AF014002 was used as an
outgroup to root the trees. The phylogenetic analysis was
performed using MEGA2.1 software (Kumar et al. 2001).
Results
SSCP and sequence analysis of ovine
MHC class I genes
PCR amplicons obtained from rams 501 and 504 were
cloned and screened by SSCP and those clones showing
distinct patterns were selected for sequence analysis. Six
different SSCP patterns were identified from 180 clones
analysed from ram 501 and eight from the same number of
clones analysed from ram 504. SSCP patterns for se¬
quences D5, D3, C7 and E2 accounted for 89% of all
clones analysed from ram 501, while C6 and Cll repre¬
sented only 4%. Similarly, SSCP patterns for sequences F8
and F12 constituted 83% of the total clones identified from
ram 504, while the remaining six patterns accounted for
only 14%. The remainder comprised PCR artefacts as de¬
termined by sequence analysis.
Although some caution is required in the extrapolation
of PCR and cloning frequencies to expression levels, the
use of three different sets of PCR primers on the most
conserved areas possible, thereby amplifying fragments of
similar lengths, minimised preferential primer amplifica¬
tion and variation in cloning efficiencies. Cloning fre¬
quencies should therefore reflect transcription levels.
Sequence analysis confirmed that the amplified products
were ovine MHC class I transcripts, with six distinct se¬
quences being identified from each ram (Fig. 1). Because
two of the SSCP patterns identified from ram 504 were
found in only single clones and could not be validated, their
corresponding sequences are not presented. The remaining
class I sequences were each identified in at least three
replicate clones. Sequence data for the entire coding region
was obtained for ten of these. All sequences were novel and
were submitted to the EMBL database with the accession
numbers shown in parenthesis: D5 (AJ874673), D3 (AJ
874674), C7 (AJ874675), E2 (AJ874676), C6 (AJ874677),
Cll (AJ874678), F8 (AJ874679), F12 (AJ874680), H10
(AJ874681), F9 (AJ874682), G6 (AJ874683), E9 (AJ874684).
Sequence data for only part of exons 2 and 3 were ob¬
tained for the E9 sequence. This may simply reflect low
frequency of the transcript—only three replicates were
obtained in 180 clones analysed by SSCP. Alternatively,
failure to amplify full-length sequence for E9 could have
arisen through poor primer binding due to unresolved
diversity in the primer annealing sites. The latter possibility
is supported by the observation that the incomplete 5'
sequence for the E2 gene resulted from failure of the for¬
ward primer binding (data not shown).
An alignment of the 12 nucleotide sequences, together
with the single published full-length ovine MHC class I
sequence (Grossberger et al. 1990; Fig. 1) and three near
full-length sequences (U030092-U030094), shows the patch¬
work nature of nucleotide substitutions characteristic of
MHC loci in other species. As expected, most of the nu¬
cleotide diversity was situated in regions encoding amino
acids of the class I polypeptide that bind antigenic peptides
or interact with the T-cell receptor (Fig. 2).
The predicted amino acid sequences of the class I trans¬
cripts comprised a leader peptide and al, a2, a3, cyto¬
plasmic (C) and transmembrane (TM) domains. The TM
domains varied in length, with most being 35 residues in
length. The D5 sequence had the longest TM, at 38 res¬
idues, while those of D3, F8 and F12 were intermediate in
length at 36 residues. With the exception of the G6 se¬
quence, which was truncated by an in-frame stop codon, all
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M Fig. 2 Alignment of the predicted amino acid sequences derived
from the ovine MHC class I transcripts identified from rams 501 and
504 in comparison with the full-length ovine class I sequence
M34676 and the nearly full length sequences U03092 through
U03094. Dashes indicate identities and dots gaps or absence of
sequence. Asterisks indicate MHC class I residues predicted to bind
antigenic peptides or interact with T-cell receptors in humans
(Bjorkman et al. 1987). Similarities among sequences caused by
deletions in the transmembrane domain or by early stop codons in the
cytoplasmic domain are indicated by boxes
Genotyping the progeny of rams 501 and 504
by SSP-PCR
Validation of the method
SSP pairs (Table 2) were designed in order to assign each of
the class I sequences to individual MHC haplotypes. Each
SSP pair was selected on the basis that it amplified a
product only from the clone that it was designed to amplify.
SSP specificities were further validated on cDNA from
rams 501 and 504. In addition, SSP pairs designed to am¬
plify class I sequences from ram 501 were also tested on
cDNA prepared from ram 504 and vice versa. None of the
sequences previously identified in at least three clones was
shared between animals. As cross reaction with previously
unidentified sequences was considered possible, sequen¬
cing of the SSP-PCR products was performed to confirm
the identity of the amplicons. In cases where it was
suspected that SSPs cross-reacted with maternally inherited
class I sequences, the ewes were genotyped. In all such
cases, the class I sequences of the ewes differed by at least
4 bp from the ovine MHC sequences of the rams (data not
shown), confirming that the amplified product was mater¬
nally inherited.
Genotyping results
Seventeen lambs sired by rams 501 and 504 were geno¬
typed by SSP-PCR (Table 1; Fig. 3). Seven progeny of 501
(449, 486, 489, 518, 555, 637, and 680) provided se¬
quences D3, E2 and C6, while two (448 and 461) provided
sequences D5, Cll and CI. Four offspring of 504 (457,
573, 609 and 610) provided sequences F8, G6 and E9,
while three (529, 530 and 673) provided sequences F12,
H10 and F9. One lamb (596) sired by 504 yielded all six
paternal sequences, indicating that both the ram and the
ewe shared an MHC haplotype.
Phylogenetic analyses
The relationships between ovine class I sequences were
visualised by constructing phylogenetic trees using, where
available, the entire coding regions (Fig. 4a), or exons 4
through 8 (Fig. 4b). With the exception of U030094, the
full-length sequences group into three distinct clusters
(Fig. 4a). The tree topology supports the haplotype as¬
signment of individual sequences from rams 501 and 504,
with each sequence within a haplotype associated with a
different cluster. In the majority of cases, the segregation of
the sequences is in concordance with their estimated level
of transcription. The higher-frequency sequences D5, D3,
F8 and F12 group in cluster I (Fig. 4a,b), while the lower-
frequency sequences C6, Cll, F9 and G6 group in cluster
III (Fig. 4a,b). These observations are consistent with
correspondence of these clusters to individual loci. In con¬
trast, cluster II contains sequences with a range of tran¬
scription levels (Fig. 4a). For example, C7 and E2 were
identified in approximately twice as many clones as H10,
while E9 was identified in only three clones.
By excluding the influence of positive selection on tree
topology, phylogenetic analysis using only exons 4 to 8
provides a more accurate assignment of sequences to loci
(Holmes et al. 2003). Clusters I and III of the phylogenetic
tree presented in Fig. 4b are almost identical to those shown
in Fig. 4a, thus strengthening their designation as distinct
loci. However, this analysis subdivided the sequences in
cluster II, with C7 segregating with cluster Ila, and E2 and
H10 segregating with cluster lib, suggesting that these
sequences may represent two additional loci. The partial
class I sequences M34673 and AY188824 also grouped
together, but separately from clusters I, Ila, lib and III, and
may therefore represent alleles at a fifth locus. The se¬
quence AY188825 located relatively deep on the phyloge¬
netic tree is quite divergent from the other sequences and
may therefore represent a distant non-classical locus. Se¬
quences U03094 and U03095 grouped in cluster lib in
Fig. 4b, suggesting that their exons 4 through 8 are more
similar to the H10 and E2 transcripts. However, no firm
assertions can be made for cluster lib, as the confidence
values were low. A more accurate identification of the
D5 D3 C7 E2 06 Cll D3 C7 E2 06 Cll FSF12HL0F9G6 E9 FSF12H10F9 G6 E9 j
larrfj 448 | lamb 489 3 lamb 457 3 lamb 529
{ | 2 -5
m 0* *» iMf, »
Hot- •: 4BI
501 A 501 B 504 C 504 D
Fig. 3 Sequence-specific primer-polymerase chain reaction analysis haplotype B (lanes 8-13), lamb 457 inherited 504 haplotype C (lanes
of the progeny of rams 501 and 504. From left to right, lamb 448 15-20) and lamb 529 inherited 504 haplotype D (lanes 22-27). A
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et al. 1994). Two alleles were also identified from 504,
which correspond to Ovar-DRB33 (Schwaiger et al. 1994)
and Ovar-DRB1*0141 (Konnai et al. 2003). Digestion of
the PCR products with restriction enzymes Rsal,Mboll and
Sacl (Table 3) generated allele-specific patterns that al¬
lowed discrimination between all four alleles in the prog¬
eny of rams 501 and 504. The genotyping of the progeny is
shown in Table 1, and the four extended ovine MHC
haplotypes are represented in Fig. 5.
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Fig. 5 A diagrammatical representation of the four ovine MHC
haplotypes identified from rams 501 and 504 showing the class I
sequences and the associated class II DRBI PCR-RFLP pattern.
The arrangement of the class I sequences reflects the clustering of
the alleles according to the phylogenetic trees presented in Fig. 3.
The assignment of E9 within cluster Ila or lib was not determined
due to lack of sequence data for exons 4 through 8. The sequences
in dark grey boxes were represented in 86% of the 360 clones
analysed by SSCP
Discussion
A number of genetic studies in livestock and other species
have revealed significantly greater genetic complexity and
allelic diversity in the MHC class I region than initially
predicted by serology (reviewed by Chardon et al. 1999;
Ellis 2004; Otting et al. 2005; Parham et al. 1995). Sero¬
logical studies of the segregation of allotypic determinants
in families is consistent with two linked ovine class I loci
(Cullen et al. 1982; Garrido et al. 1995; Jugo and Vicario
2001; Jugo et al. 2002; Stear and Spooner 1981). Other
researchers have suggested that the ovine MHC contains at
least three class I loci (Grossberger et al. 1990; Millot
1984). Prior to molecular genetic analyses, it was believed
that the majority of MHC class I molecules in cattle were
encoded by a single highly polymorphic locus (reviewed
by Ellis and Ballingall 1999). However, molecular genetic
studies have since revealed evidence for at least six clas¬
sical bovine class I loci, which occur in a number of com¬
binations, and none of which is consistently transcribed
(reviewed by Ellis 2004).
In this study, we identified 12 novel ovine MHC class I
transcripts from two heterozygous rams. By genotyping
their progeny, we were able to assign these transcripts to
individual haplotypes. Three class I sequences were iden¬
tified in each haplotype, suggesting the transcription of at
least three ovine MHC class I loci. Sequences D5, D3, C7,
E2, F8 and F12, which accounted for 86% of the 360 clones
analysed, are likely to represent highly expressed poly¬
morphic classical class I loci. The remaining sequences,
which occurred in much smaller numbers of clones (9%)
screened by SSCP, may represent a mixture of poorly ex¬
pressed classical or non-classical loci. Interestingly, where¬
as two highly transcribed genes were identified in each 501
haplotype (Fig. 5), only one was found in each 504 haplo¬
type, indicating that variation may occur among haplotypes
in the number of expressed classical class I loci.
The combination ofhaplotype and phylogenetic analysis
described here suggests that these transcripts were products
of at least four loci, three of which appear together in a
number of combinations in individual haplotypes (Figs. 4b,
5). When additional sequences become available, clusters I
and III may also be further divided. In this regard, cluster I
sequences D5 and M34676 encode TM domains that are
two residues longer than the remaining sequences in the
cluster (Fig. 2). In line with the observation that TM length
tends to be conserved within bovine class I loci (Garber
et al. 1994), these sequences may represent alleles at a
distinct locus.
Sequences in cluster III may also be subdivided further
based on the length of the C domain (Fig. 2). The G6 se¬
quence contains an early stop codon within the cytoplasmic
domain that removes the conserved phosphorylation site
at positions 330-334 (Guild and Strominger 1984). The
previously described class I sequence U03094 contains an
identical C domain and differs from G6 by only 3 bp,
suggesting that these sequences may be alleles at a single
locus that exhibits limited polymorphism. Phylogenetic
analysis clusters G6 and U03094 very close together and
separates them from the remaining sequences in cluster III
by a long branch. Furthermore, G6 was identified in only
1% of the 180 clones analysed by SSCP, suggesting that it
is weakly transcribed. Since non-classical class I sequences
often encode truncated C domains (Lew et al. 1987; Ulker
et al. 1990), exhibit limited or no polymorphism, and are
often expressed at low levels or in a tissue-specific manner
(Braud et al. 1999), G6 and U03094 are strong candidates
for alleles at a non-classical locus. Additionally, G6 ex¬
hibited the lowest third position G+C content of exons 2
and 3 when compared with the remaining sequences (data
not shown), a characteristic associated with non-classical
class I sequences in many species (Hughes and Nei 1989).
All sequences in cluster III are transcribed at low levels
and encode the amino acids VPI or IPI at positions 281-
283, discrimination motifs previously suggested to be char¬
acteristic of non-classical bovine class I genes (Holmes
et al. 2003). However, haplotype and phylogenetic analysis
strongly indicate that transcripts C6, Cll and F9 represent
polymorphic alleles at a single locus, which raises ques¬
tions about their non-classical nature. A number of clas¬
sical bovine class I loci expressed at levels significantly
lower than usual have been described, although this was
not a locus-specific phenomenon (reviewed by Ellis 2004).
In humans, alleles of the HLA-C locus exhibit less po¬
lymorphism (Falk and Schendel 1997) and are expressed at
significantly lower levels compared to HLA-A and HLA-B
(Snary et al. 1977; McCutcheon et al. 1995). These genes
are involved in regulation of NK cell activity more than in
antigen presentation (Falk and Schendel 1997). Whether
sequences in cluster III encode proteins with similar func¬
tions to HLA-C molecules needs to be determined by func¬
tional studies.
It therefore seems that at least two putative classical class
I loci are highly expressed in each of 501 haplotypes A and
B, along with a third locus expressed at low levels, which
requires further characterisation by functional analysis. In
contrast, 504 haplotype C includes only a single highly
expressed classical class I locus, since G6 possibly rep-
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resents a non-classical locus and the E9 gene is predicted to
be transcribed at very low levels. Similar haplotypes with
single classical loci have been described for cattle, chicken
and inbred lines of rat (reviewed by Ellis 2004). The 504
haplotype D also contains one putative highly expressed
classical class I locus and two additional loci with char¬
acteristics not clearly associated with either classical or
non-classical genes.
Since it is likely that cluster I contains sequences from
two classical loci, whereas cluster III may be divided into a
classical and a non-classical locus, the transcripts identified
in this study may represent alleles of six loci, of which at
least three are classical. Given that some published se¬
quences failed to cluster with our transcripts, the number of
ovine MHC class I loci may exceed six. Confirmation of
this possibility could arise from a more comprehensive
phylogenetic analysis using a much larger sample of ovine
class I sequences from well-defined haplotypes. Experi¬
ence from phylogenetic analysis ofMHC class I sequences
from Cetartiodactyls, however, suggests that assignment of
alleles to loci in ruminants is not as straightforward as in
humans, due to inter-locus recombination (Holmes et al.
2003). It is therefore possible that proper ovine class I allele
designations will ultimately be confirmed only by physical
mapping.
In summary, the molecular genetic analysis presented
here identified 12 novel MHC class I transcripts from two
heterozygous rams. A class I sequence-specific genotyping
system allowed the assignment of these transcripts to four
haplotypes and phylogenetic analysis of the more con¬
served exons 4-8 grouped the transcripts into four clusters.
The combination of phylogenetic analysis, haplotype data
and transcription levels suggest that the number and com¬
position of ovine MHC loci vary between haplotypes. By
including information on the highly polymorphic class II
MHC Ovar-DRBl locus, we have defined for the first
time four extended ovine MHC haplotypes. These provide
an initial template for more extensive characterization of
ovine MHC haplotypes and allelic diversity in different
breeds and populations. These haplotype data have facil¬
itated the establishment of a resource population of MHC-
defined and MHC-homozygous sheep. This resource flock
will provide genetic material for comparative genomic
analysis, as well as a range of cellular and molecular tools
to undertake in-depth analyses of CD8+ T-cell responses
to infection by intracellular pathogens.
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